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With the potential to reduce the energy consumption of current thermal/membrane technologies 
for seawater desalination, forward osmosis (FO) as a natural-occurring osmosis-driven membrane 
process has attracted increasing attentions and been intensively studied in recent years. The driving 
force of this process is the osmotic pressure difference between the draw and feed solutions 
separated by a semipermeable membrane, in which the water can pass through the membrane 
spontaneously. In an FO process, there is no energy requirement during the water drawing process 
but only consumes energy in the recycling of draw solute. Thus, the performance and the energy 
requirement of any FO process critically rely on the draw solution. The primary objective of this 
study is to develop novel stimuli-responsive (so-called “smart”) FO draw solutes in the application 
of seawater desalination that can generate high osmotic pressure to achieve high water flux and 
allow facile regeneration in order to reduce the energy consumption. To this end, three types of 
draw solutes were designed and synthesized. 
Firstly, a hydrophilic magnetic nanoparticle (MNP)-based draw solute was synthesized via direct 
polymerization of polyelectrolyte (poly (sodium 4-styrenesulfonate), abbreviated as PSSS) on the 
surface of hydrophobic oleic acid-capped MNPs. This was made possible by copolymerization 
with MNP-surface-attached oleic acid as comonomer utilizing C=C of oleic acid. The resultant 
MNP-PSSS were well dispersed in water and employed as a draw solute for saline water 
desalination. Compared with other MNP-based draw solutes, this MNP-PSSS showed relatively 
high osmolality of 2200 mOsm kg-1. In addition, the aggregation of fresh and agglomeration of 
MNPs after regeneration were reduced as confirmed from TEM images and FO tests. When using 
33 wt% MNP5-PSSS (nanoparticle size of ~5 nm) solution as the draw solution and saline water 
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(osmolality of 1000 mOsm kg-1) as the feed solution, a water flux of 5.6 LMH (liter per m2 
membrane per hour) was achieved. Regeneration of draw solute was attained by using a magnetic 
separator. However, the relatively small particle size raised the difficulty in magnetic separation.  
In order to facilitate easy magnetic capture, a thermoresponsive copolymer, poly (sodium styrene-
4-sulfonate)-co-poly (N-isopropylacrylamide) (PSSS-PNIPAM), was synthesized to modify the 
surface of MNPs, in which the segment of PNIPAM exhibits LCST (lower critical solution 
temperature) behavior. Heating above its LCST subsequently induce reversible clustering of 
MNPs due to the phase transition of PNIPAM from hydrophilic to hydrophobic state, leading to a 
shrink of the polymer chains. When used as draw solution in an FO process, PSSS-PNIPAM-
functionalized MNPs at the concentration of 33 wt% successfully extracted water from seawater 
and achieved a water flux larger than 2 LMH. Subsequent magnetic separation of the MNPs 
assisted by mild heating above its LCST together with an ultrafiltration step led to regenerated 
draw solution and freshwater. The results demonstrate that thermoresponsive magnetic 
nanoparticles are promising FO draw solutes. With mild heating provided by waste heat from 
chemical plant or solar thermal energy, the overall energy consumption could be reduced.  
To further increase the osmolality of draw solutions, molecules with smaller molecular weight 
compared with MNPs should be studied. Herein, magnetic ionic liquids (MILs), as a subclass of 
ionic liquids that can exhibit susceptibility to external magnetic field, were investigated. However, 
conventional hydrophilic MILs were difficult to separate from water. Therefore, a new class of 
MILs were designed and synthesized with thermoresponsive property, which could enable phase 
separation upon heating above their LCSTs. Four new MILs -- octyltrimethylammonium 
bromotrichloroferrate (N1,1,1,8[FeBrCl3]), dodecyltrimethylammonium tetrachloroferrate 
(N1,1,1,12[FeCl4]), tetradedecyltrimethylammonium bromotrichloroferrate (N1,1,1,14[FeBrCl3]) and 
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8-butyl-1,8-diazabicyclo[5.4.0]undec-7-ene bromotrichloroferrate (DBU-Bu[FeBrCl3]), were 
successfully synthesized. This was made possible by choosing appropriate combination of cations 
and anions. Among these MILs, N1,1,1,12[FeCl4] and DBU-Bu[FeBrCl3] at the concentration of 25 
wt% showed LCSTs of 60 and 50 oC, respectively. And the LCSTs were increased when 
decreasing the concentration. When the concentrations were decreased below 25 wt% and 20 wt% 
for N1,1,1,12[FeCl4] and DBU-Bu[FeBrCl3], no LCST-behavior could be observed.  
Since we have successfully synthesized two LCST-type MILs and studied their thermoresponsive 
property, we further investigated their feasibility as FO draw solutes in seawater desalination. 
Thermoresponsive magnetic ionic liquids with tunable chain-length were synthesized and 
employed as draw solutes in FO process. MIL solutions at different concentrations were tested. 
Among all, DBU-Bu[FeBrCl3] at the concentration of 25 wt% successfully extracted water from 
seawater and a water flux of 4.5 LMH was attained. By tuning the chain length and concentration, 
the LCSTs of MIL solutions varied from 30 to 65 oC. A stepwise phase separation could be 
achieved with assistance of mild heating, which may be provided by waste heat from a chemical 
plant or solar thermal energy in practical processes. Subsequently, the resultant separated MILs 
could be extracted by an external magnetic field. For the rest MILs left in aqueous phase, 
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a solvent permeability constant (LMH atm-1) 
A effective membrane surface area (m2) 
c weight concentration of draw solutes leaked into feed solution (g g-1) 
Js reverse solute flux (gram m
-2 h-1, abbreviated as gMH) 
Jv FO water flux (liter m
-2 h-1, abbreviated as LMH) 
m mass of feed solution (g) 
Δm mass of permeation water across FO membrane (g) 
Pa atmosphere pressure (=101325 Pa) 
ΔP transmembrane pressure (atm) 
R ideal gas constant (= 8.314 J K-1 mol-1) 
t elution time (s) 
Δt operation time interval (h) 
T absolute temperature (K) 
 
Greek 
ηr relative viscosity 
ρ density (g mL-1) 
Δπ osmotic pressure difference (atm) 






Water, where all lives originate from, covers about 71% of the Earth’s surface. However, 
only 3% of the Earth’s water is fresh water, of which only 1% from lakes and rivers can be 
relatively easily obtained to sustain human life.1,2 Fresh water scarcity has become a serious 
global issue. Due to the rapid growth of population and ongoing industrialization, water 
shortage gets even worse -- about 1.2 billion people lack access to clean drinking water.3,4 
It is urgent to search for other fresh water supplies. 
Seawater desalination seems to be a viable way to alleviate this problem, by which drinking 
water can be produced by removing dissolved species from seawater. Nowadays, two 
different technologies are widely used to desalinate seawater, namely thermal process and 
membrane process. In thermal process, multi-stage flash (MSF) and multi-effect 
distillation (MED) have been developed, in which seawater is heated to its boiling point 
and the resultant steam is condensed to produce pure water.5 However, this technology 
highly depends on heat energy generated by combustion of crude oil with minimum energy 
requirement of 23 kWh m-3. And the inefficiency in use of energy also limits its usage. So 
far, this technology is mainly used in the Middle East, while its market share in the world 
is declining due to the drawbacks mentioned above. Compared with thermal process, 
membrane process is currently fast-developed due to the relatively low energy requirement. 
Among all membrane processes, reverse osmosis (RO) for seawater desalination has 
quickly grown during last few decades and shown the best performance in terms of 
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relatively high water quality.6 But RO can only use electricity to generate high enough 
hydraulic pressure to overcome the osmotic pressure of the feed solution. However, 
compared with thermal process, the energy consumption of 4 kWh m-3 is still much lower. 
Besides, membrane fouling and relatively low recovery for seawater desalination remain 
challenging.7  
In recent years, forward osmosis (FO) process has attracted increasing attention due to its 
low energy requirement.8-11 Unlike pressure-driven membrane processes, FO is a naturally 
occurring osmosis-driven process that water molecules in solution of low osmotic pressure 
(feed solution) can spontaneously pass across a semipermeable membrane to solution of 
high osmotic pressure (draw solution).12 Subsequently, the diluted draw solution proceeds 
to a regeneration process to separate draw solute from the aqueous solution, which is cycled 
back to the FO process. Contrary to RO, the driving force of FO only depends on the 
osmotic pressure difference between feed and draw solutions, and thus, the energy 
demanding could be 10 times less than RO as long as the regeneration of draw solute is 
facile and economical. Besides, FO shows other advantages over RO, such as high water 
recovery rate and low fouling propensity which will be discussed later.  
1.2 Classification of Osmotic Processes 
Osmosis is the transport of water molecules across a selectively permeable membrane from 
the side of higher water chemical potential to the side of lower water chemical potential. 
This semipermeable membrane allows the passage of water, but rejects most solute 
molecules or ions. Osmotic pressure is the minimal pressure which prevents the transport 
of water across the membrane. There are three osmotic processes, namely forward osmosis 
(FO), reverse osmosis (RO) and pressure retarded osmosis (PRO).13 FO uses the osmotic 
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pressure difference (Δπ) across the membrane as the driving force, while RO uses the 
hydraulic pressure difference (ΔP), higher than Δπ, as the driving force. PRO can be 
considered as an intermediate process between FO and RO, where hydraulic pressure is 
applied in the opposite direction of the osmotic pressure gradient but with water flux in the 
same direction as FO.  
The general equation describing water transport in osmotic processes is 
𝑱𝒗 = 𝒂(𝝈𝚫𝝅 − 𝚫𝑷) 
where 𝑱𝒗 is the water flux, 𝒂 is the water permeability constant of the membrane, 𝝈 is the 
reflection coefficient. For FO, 𝚫𝑷 is zero; for RO, 𝚫𝑷 > 𝚫𝝅; and for PRO, 𝚫𝝅 > 𝚫𝑷 
(Figure 1.1). 
FO membrane is a semipermeable membrane usually with asymmetric configuration, 
which consists of a dense selective layer and a porous supporting layer. Thus, there are two 
modes of FO process according to the membrane orientation, namely pressure retarded 
osmosis (PRO) mode and forward osmosis (FO) mode.13 In the PRO mode, the draw 
solution faces the selective layer; while in FO mode, the feed solution faces the selective 





Figure 1.1 Direction and magnitude of water flux as a function of applied pressure in FO, 
RO, and PRO.13 Copyright (2006), with permission from Elsevier.  
 
 
Figure 1.2 Schematic illustration of two modes of FO process. 
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1.3 Concentration Polarization 
The water flux is driven by the osmotic pressure difference between feed and draw 
solutions. However, in such process, the osmotic pressure difference across the active layer 
is unexpectedly lower than the bulk osmotic pressure difference. The resultant decline in 
water flux is associated with complicated phenomena during water transport across the 
membrane such as concentration polarization (CP). Specifically, two types of CP 
phenomena, external concentration polarization (ECP) and internal concentration 
polarization (ICP),13 can take place in the process as shown in Figure 1.3. 
1.3.1 External Concentration Polarization (ECP) 
In pressure-driven membrane processes, convective permeate flow induces accumulation 
of solute at the membrane active layer, which can reduce the permeate water flux due to 
the increment in osmotic pressure. The phenomena does not only occur in the pressure-
driven membrane processes but also in the osmotic-driven membrane processes. When FO 
process is operated in FO mode, solutes of feed solution build up at the active layer, which 
is called concentrative ECP. When FO process is operated in PRO mode, the draw solution 
in contact with the active layer of membrane is diluted by the permeate water, it is called 
dilutive ECP.14 Both concentrative and dilutive ECP phenomena reduce the effective 
osmotic pressure difference, resulting in an unexpected lower water flux. The adverse 
effect of ECP may be minimized by increasing flow velocity and turbulence at the 
membrane surface. However, the influence of ECP in osmotic-driven membrane processes 
is milder than that in pressure-driven membrane processes, and will not affect the water 
flux much in most cases. 
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1.3.2 Internal Concentration Polarization (ICP) 
Similar to ECP, there are also two types of ICP, namely concentrative ICP and dilutive ICP. 
When the draw solution faces the porous supporting layer (FO mode), the concentration of 
the draw solution in the supporting layer is diluted by the permeate water, which is referred 
as dilutive ICP. When FO process is operated in PRO mode with feed solution facing 
supporting layer, the solutes in the feed solution accumulate inside the porous layer, 
resulting in a higher concentration than that in the bulk solution. This is called 
concentrative ICP.13,14 Compared with ECP, the ICP effect is more crucial and considered 
to be the primary factor to reduce the water flux when operating FO process with salts on 
both sides. Investigators have shown that ICP is influenced by the structure of the 
membrane supporting layer (thickness, tortuosity and porosity), and the diffusion 
coefficient of the draw solution. In FO process, PRO mode usually performs a higher water 
flux than that of FO mode due to its less severe ICP effects.  
 
Figure 1.3 Illustration of ECP and ICP in PRO and FO modes.14 Copyright (2013), with 
permission from Elsevier. 
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1.4 Membranes for Forward Osmosis 
The desired FO membranes must have (1) high salt rejection and high water permeation, 
(2) low concentration polarization, and (3) high chemical resistance and good mechanical 
strength.8 By 1960, all studies involving osmosis used RO membranes until the first 
invention of FO membrane by Loeb and Sourirajan.15 Up to present, three approaches have 
been adopted to prepare polymeric FO membranes: (1) non-solvent phase inversion 
method,15 (2) thin-film composition (TFC) method via interfacial polymerization on 
porous substrates,16 and (3) layer-by-layer (LbL) deposition of nanometer-thick 
polycations and polyanions on porous charged substrates.17  
Cellulose triacetate (CTA), polybenzimidazole (PBI), cellulose acetate (CA) and 
polyethersulfone (PES) are typical materials to fabricate asymmetric FO membranes via 
non-solvent phase inversion method.18 In 2007, Wang and co-workers first synthesized PBI 
nanofiltration (NF) hollow fiber membrane for use in FO desalination.19 Later, post-
modification of PBI NF hollow fiber membrane was done by cross-linking with p-xylylene 
dichloride to tune the pore size and improve the salt rejection.20 However, due to the 
difficulties in controlling the selective layer and sublayer morphology during the rapid 
phase inversion process, such membrane tends to have a greater sublayer resistance and 
ICP, resulting in a lower water flux.  
Thin-film composite (TFC) polyamide membranes are fabricated in both flat sheet and 
hollow fiber configurations by using conventional phase inversion method (for porous 
substrate) followed by interfacial polymerization (for polyamide active layer).21 So far, 
many efforts have been made, mainly focusing on the membrane supporting layer, to 
possess high porosity and hydrophilicity but with low tortuosity. Compared with phase 
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inversion membranes, the resultant TFC membranes show reduced ICP effects, and 
consequently, improved water flux.  
Besides phase inversion membranes and TFC membranes, LbL membranes have also been 
reported. Tang and co-workers prepared LbL membranes with polyacrylonitrile (PAN) 
substrate for the first time.22 The prepared PAN substrate is soaked in sodium hydroxide 
solution in order to impart negative charges, followed by repeatedly soaking in poly 
(allylamine hydrochloride) (PAH) polycation solution and poly (sodium 4-styrenesulfonate) 
(PSSS) polyanion solution. However, LbL membranes show a trade-off between water flux 
and reverse salt leakage, i.e. either low reverse salt leakage with low water flux (with cross-
linkers) or high water flux but with high reverse salt leakage (without cross-linkers). Thus, 
finding appropriate combinations of polyelectrolytes and cross-linkers for LbL membranes 
is still essential.18  
 
Figure 1.4 Illustration of typical FO membranes for water reuse and desalination.18 




1.5 Advantages of Forward Osmosis 
Although forward osmosis, as a newly emerging membrane process for desalination, is 
now extensively studied, reverse osmosis is still the most popular membrane technology 
used worldwide. These two membrane processes share common characteristics, however, 
many other aspects are different, such as solute and water flow directions, and the driving 
forces as well. Besides, there are some differences in the requirements for membranes, the 
comparison between FO and RO is listed in Table 1.1. Moreover, two major aspects of FO 
and RO should be addressed, namely membrane fouling and energy consumption. 
Membrane fouling is a complex problem caused by the deposition of suspended or 
dissolved substances on the membrane surface, on the membrane pores or within the pores, 
leading to a decline in membrane performance in terms of water flux and quality. Based on 
the formation reasons, fouling can be classified into four types, including colloidal fouling 
from particle deposition, inorganic fouling due to crystallization/scaling of slightly soluble 
salts, organic fouling by organic compounds, and biofouling due to deposition/adhesion of 
microorganisms.7 It is found that more severe fouling could be observed in RO process due 
to greater hydrodynamic force dragging the foulants towards the membrane surface.10 And 
thus, chemical cleaning might be required more frequently for RO membranes. Therefore, 








Table 1.1 Comparison between FO and RO.7  
 FO RO 
Driving force Osmotic pressure External hydraulic 
pressure 






Operating condition Atmospheric 10~70 bar 
Membrane requirement High water permeability; 
High solution rejection; 
Stable in synthetic draw 
solution 
High water permeability; 
High solution rejection; 
Robust for high pressure 
operation 
Challenges Internal concentration 
polarization; 
Suitable draw solution; 




The energy consumption of an RO process has been extensively investigated. The 
minimum energy increases as the salinity and recovery increase. For the typical seawater 
(salinity of 3.5 wt%) with 50% recovery, the minimum energy required for RO desalination 
is around 1.5 kWh m-3.6 However, the energy consumed by current well-designed and 
optimized RO plants can reach as low as 4 kWh m-3, which is almost thrice of the minimum 
theoretical value.6 In contrary, for FO, as an expected energy-efficient process, the energy 
cost has not yet figured out clearly. The electrical power of an FO process for seawater 
desalination is about 0.25 kWh m-3 without considering the regeneration process of draw 
solution.23 However, for a close-loop FO process, the energy consumption mainly 
attributes to the energy consumed during the draw solution recovery, which could be raised 
to 2.5 kWh m-3 or even higher due to the energy loss along the process.24 Thus, FO 
desalination cannot beat RO on energy consumption unless regeneration of draw solutes 
are not necessary. However, with the development of draw solutions, FO can utilize low 
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grade heat or renewable energy to regenerate draw solution, whereas RO can only use high 
grade energy of electricity to generate high hydraulic pressure. For instance, when 
thermoresponsive hydrogel was employed as FO draw agent, fresh water can be squeezed 
out due to the shrinkage of hydrogel upon heating, and the minimum required energy could 
reach as low as 1.12 kWh m-3 using solar heat for regeneration;25 while ammonium 
bicarbonate (NH4HCO3) promoted FO seawater desalination process, due to its facile 
regeneration using thermal decomposition, was claimed to save up to 85% energy 
compared with other desalination technologies.23 Therefore, finding novel draw solutions 
with proper regeneration methods is crucial to lower the energy cost and keep FO in 
advance of RO.  
1.6 Research Objectives and Project Organization 
1.6.1 Research Objectives 
Though various FO draw solutions have been investigated by researchers, there still exists 
some drawbacks, such as low draw ability, complicated fabrication of draw solutes, or high 
energy-demanding regeneration process. Moreover, only a few reports have investigated 
the application of using FO for seawater desalination with feasible regeneration methods. 
Thus, further studies on the novel FO draw solutions in seawater desalination need to be 
conducted. The objective of this project is to synthesize novel FO draw solutes, investigate 
their feasibility in the application of seawater desalination and explore viable regeneration 
methods. We aim to achieve high water flux by improving the solubility and dissociation 
rate of draw solutes. To reduce the energy consumption during regeneration, synthetic draw 
solutes should be easy to separate via applying external stimuli, such as magnetic field or 
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low-grade heat from industrial waste heat or solar heat. The specific objectives of this 
project are: 
1. to design and synthesize novel “smart” or stimuli-responsive FO draw solutes with 
high osmolality; 
2. to utilize these draw solutes in FO process and investigate the feasibility in seawater 
desalination; 
3. to investigate the effects of different parameters of draw solutes on the FO 
performance; 
4. to investigate the effectiveness of regeneration methods. 
1.6.2 Project Organization 
This dissertation is to investigate the feasibility of using “smart” or stimuli-responsive 
materials as FO draw solutes for seawater desalination. It is composed of seven chapters. 
Chapter 1 provides the general background of forward osmosis (FO). Chapter 2 presents a 
literature review of current FO draw solutions, discussion of their pros and cons in regard 
of FO performance and required regeneration method. As one of the “smart” FO draw 
solutes, hydrophilic magnetic nanoparticles (MNPs) are selected in this project in 
consideration of their facile regeneration. To reduce the aggregation of fresh MNPs and 
agglomeration of MNPs after regeneration observed in previous work, in Chapter 3, a new 
route to the preparation of hydrophilic MNPs via surface direct polymerization is 
introduced. To facilitate easy magnetic separation of MNPs, in Chapter 4, we synthesize a 
thermoresponsive MNP-based draw solute for seawater desalination. To further improve 
the osmolality of draw solutes, stimuli-responsive molecules with smaller molecular 
weights compared with MNPs are explored. In Chapter 5, we first synthesize novel 
13 
 
thermoresponsive magnetic ionic liquids (MILs) and investigate the thermoresponsive 
properties. In Chapter 6, the hydrophilicity of thermoresponsive MILs is tuned by 
manipulating the alkyl chain length and their feasibility as FO draw solutes for seawater 
desalination are studied. Chapter 7 summarizes the major findings of this project and 
recommendations for future work. 
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2.1 FO Draw Solution 
The success of FO critically relies on two major components, the semipermeable 
membrane and the draw solution. So far, extensive effort has been made in the development 
of FO membrane, and FO membrane has been commercialized with high water flux and 
low salt leakage.1,2 However, the exploration of ideal draw solutions is still in progress. 
Since the osmotic pressure difference between draw and feed solutions is the driving force 
to transport water molecule across the membrane, draw solution plays a crucial role in FO. 
The criteria for selecting draw solution include: (1) the draw solution can generate high 
osmotic pressure to overcome the osmotic pressure of the feed solution, (2) the reverse 
solute flux is low to minimize the replenishment cost, (3) the draw solution can be easily 
recovered, (4) the draw solution does not cause damage, scaling or fouling to the FO 
membrane, and (5) the draw solution is nontoxic and cheap. 
There are several parameters of the draw solution that can influence the performance of the 
FO process. Such characteristics of draw solution and their impacts on the process 
performance are listed and summarized in Table 2.1.3 Up to now, FO techniques have been 
applied into various areas, such as seawater desalination,4,5 wastewater treatment,6,7 protein 
enrichment,8-10 fertigation,11,12 and power generation.13,14 And different regeneration 
methods are proposed to draw solutes in different applications. According to their stimuli-
responsiveness during regeneration, the draw solutes can be classified into two major 
17 
 
categories: non-“smart” draw solutes, and “smart” draw solutes. For the regeneration of 
non-“smart” draw solutes, thermal decomposition or evaporation, and membrane filtration, 
such as nanofiltration (NF) and reverse osmosis (RO), are usually used. For “smart” draw 
solutes, regeneration is achieved by applying external stimuli to cause certain changes 
before using ultrafiltration (UF) and NF. 
Table 2.1 Characteristics of draw solutes that influence FO performance and their impact 
on FO performance.3  
 
Draw solute characteristics Impact on FO performance 
Osmotic pressure difference A high osmotic pressure difference between draw feed 
solution induces high water fluxes 
Molecular weight (Mw) Smaller Mw draw solutes produce higher osmotic 
pressure than those of larger Mw at the same weight 
concentration, but induce higher reverse solute flux than 
those of larger Mw 
Viscosity A low viscosity leads to a high water flux as internal 
concentration polarization (ICP) is less sever 
Temperature High operational temperature not only decreases the 
solution viscosity and enhances the water flux, but also 
induces higher reverse solute flux and more adverse 
effects on membrane scaling and fouling 
 
2.2 Non-“Smart” Draw Solutes 
2.2.1 Inorganic and Organic Salts  
The majority of FO studies have investigated inorganic salts as draw solutes, such as NaCl, 
KCl, MgCl2 and MgSO4.
15 These draw solutes can induce high water flux due to their high 
water solubility, high dissociation rate and low viscosity. However, reverse solute flux is 
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severe because of the small molecular size. In 2009, Tan and co-workers investigated the 
suitability of using NF to regenerate inorganic salts (MgCl2, MgSO4, Na2SO4).
16 A 
hydraulic force of 3.5 MPa was used in the NF cell. A relatively high water flux (~ 10 
LMH) could be observed for both FO and NF processes. The salt rejection rate for the 
selected draw solutes could achieve more than 90%. However, this FO-NF hybrid process 
is still highly energy-intensive and limited to only a few multivalent ions-based salts.  
 
Figure 2.1 Schematic illustration of the fertilizer drawn forward osmosis desalination for 
direct fertigation.12 Copyright (2011), with permission from Elsevier. 
 
Phuntsho and co-workers investigated the use of fertilizers as draw solutes to extract water 
from brackish sources.11,12 This approach is very attractive because recycling of draw 
solutes is not necessary, whereby the diluted draw solutions containing fertilizers can be 
directly used in fertigation (Figure 2.1). However, the drawbacks and limitations of this 
approach are obvious: the selection of draw solutes is limited to only a few fertilizer 
chemicals; the use of fertilizers can only be applied in agriculture, but not the other 
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applications; the concentration of diluted draw solution after FO may not meet the 
requirement for direct fertigation and further adjustment is needed. 
 
Figure 2.2 Schematic diagram of bench-scale FO system using MgSO4 as draw solute.
19 
Copyright (2013), with permission from Taylor & Francis. 
 
Up to now, a number of precipitatable inorganic salts have been investigated as FO draw 
solutes for seawater desalination. In 1972, the use of aluminium sulphate (Al2(SO4)3) as 
draw solute was proposed.17 Al2(SO4)3 solution can generate high osmotic pressure and 
lead to a high water flux in FO. To demonstrate the process of draw solute recycling, the 
diluted Al2(SO4)3 solution was firstly reacted with calcium hydroxide (Ca(OH)2) to 
precipitate all insoluble chemicals -- calcium sulphate (CaSO4) and aluminium hydroxide 
(Al(OH)3). The excess Ca(OH)2 in water after separation was further precipitated out by 
neutralizing with sulphuric acid (H2SO4) or carbon dioxide. Afterwards, H2SO4 solution 
was added to the first precipitation to convert insoluble Al(OH)3 to soluble Al2(SO4)3. 
Apart from Al2(SO4)3, copper sulphate (CuSO4)
18 and magnesium sulphate (MgSO4)
19 
were also investigated as draw solutes and recovered by precipitation with barium 
hydroxide (Ba(OH)2) (process as shown in Figure 2.2). However, this process needs 
multiple additions of chemicals and accurate titration, which is not practical in real case.  
20 
 
Recently, organic salts have been extensively studied due to the larger molecular sizes than 
inorganic salts but with adequate draw ability. Ge and Chung discovered a new class of 
draw solutes -- hydroacid and oxalic acid complexes.8,20 These complexes possess a 
relatively large molecular size and are rich in hydrophilic groups, making them good 
candidates as FO draw solutes. Superior FO performance was achieved in terms of high 
water flux and negligible reverse solute flux, which could even beat the performance of 
using NaCl as draw solute. The regeneration of draw solute was demonstrated by using NF 
at a hydraulic pressure of 10 bar. However, this demonstration was undergone with draw 
solution at relatively low concentrations. For draw solution at higher concentrations, the 
hydraulic pressure in NF cell could be higher, which would cost more energy. Some other 
organic salts were also explored as draw solutes in FO, such as hexavalent phosphazene 
salts,21 ethylenediaminetetraacetic acid sodium salt (EDTA-Na),22 and ethylenediamine 
tetrapropionic salt (EDTP).23 They showed good FO performance in water flux and reverse 
solute flux. However, NF was still needed to regenerate draw solutes. So it is necessary to 
explore more efficient regeneration methods for these draw solutes. 
2.2.2 Sugar-Based Draw Solutes 
With the development of FO technology, its application was extended to other uses. 
Glucose and fructose, essential nutrient compounds for human, were used as draw solutes 
in FO due to their high water solubility. It was originally proposed for an emergency water 
supply in lifeboats or military use (Figure 2.3), whereby the final product could be directly 
consumed and no regeneration process was needed. Glucose was first explored as a draw 
solute in FO for seawater desalination by Kravth and co-workers in 1975.24 Later, the 
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concept of using nutrient solutes in FO was further developed: fructose, sucrose and 
glucose-fructose combination were tested for FO performance.25  
 
Figure 2.3 Schematic drawing of FO hydration bag.26  
 
2.2.3 Small-Gas-Molecule-Based Draw Solutes 
In 1964, Neff first proposed to use water-soluble gas molecules as draw solutes for 
seawater desalination.27 Ammonium bicarbonate (NH4HCO3) was prepared with the gas 
mixture of ammonia (NH3) and carbon dioxide (CO2), which was used as draw solute in 
FO process. Afterwards, this salt was decomposed to NH3 and CO2 gases at around 60 
oC 
and separated from water. Although this salt is able to draw water in FO, its draw ability is 
limited by its low water solubility. To overcome this problem, McCutcheon and co-workers 
investigated ammonium salts by varying the ratio of NH3 to CO2 to improve the solubility, 
as a result, higher osmotic pressures and better FO performance were achieved.28,29 Though 
heat treatment is applied to vaporize the decomposed gases, however, it is difficult to 
completely remove ammonia in the product water, in which unpleasant odour is left and 
cannot meet the standard for drinking water set by World Health Organization (WHO). In 
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2014, Sato and co-workers explored the feasibility of using dimethyl ether (DME) as draw 
solute in FO.30 DME is easy to recover because of its high volatility. In ambient condition, 
the osmotic pressure of DME solution decreases from 2.04 MPa to 0.05 MPa within 2 hrs 
without any external energy input. However, due to its low solubility, a relatively low water 
flux of 2.91 LMH was obtained when using 0.5 wt% NaCl solution as feed solution.  
2.2.4 Polyelectrolytes and Large-Molecular-Sized Electrolytes 
To reduce the reverse solute flux, a number of electrolytes with larger molecular sizes than 
simple inorganic or organic salts were developed. Recently, polyelectrolytes, which can 
dissociate to generate a larger number of ions in solution, have been intensively studied as 
FO draw solutes. Ge and co-workers synthesized a polyelectrolyte of polyacrylic acid 
sodium salts (PAA-Na) and used it as draw solute in FO.31 Later, Tian and co-workers 
developed another polyelectrolyte of poly (sodium 4-styrenesulfonate) (PSSS) as draw 
solute.32 The characteristics of high water solubility and flexible configuration make 
polyelectrolytes good candidates as draw solutes. A high water flux with an insignificant 
reverse salt flux were achieved when using these polyelectrolytes as draw solutes. The 
relatively easy regeneration through UF at a low solution concentration was viable due to 
their large molecular size. However, the high viscosity of concentrated polyelectrolyte 
solution could raise the operational cost during a practical FO process. Another kind of 
polyelectrolyte was later designed and used as FO draw solutes by Zhao and co-workers.33 
Poly (amidoamine) (PAMAM), which possesses a highly branched tree-like structure, was 
functionalized with ionic group of –COONa. Compared with linear polyelectrolytes, 
PAMAM has lower solution viscosity due to its hyperbranched structure, which minimizes 
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the adverse effect of ICP and enhances the FO performance of water flux. However, the 
main drawback of using PAMAM as draw solute is the complexity of synthesis, which may 
not be suitable for real FO process. 
 
Figure 2.4 Schematic diagram of using Na_CQDs as draw solute in FO-MD hybrid 
system.35 Copyright (2012), with permission from American Chemical Society. 
 
Apart from the linear polymer or dendrimer-based draw solutes, polymer-nanoparticles are 
also investigated as FO draw solutes. In 2014, Guo and co-workers synthesized Na+-
passivated carbon quantum dots (Na_CQDs) and used them as a new class of draw solute.34 
Na_CQDs were simply derived from pyrolysis of citric acid powder and neutralizing with 
NaOH. The resultant Na_CQDs possessed a large quantity of ionic species on the surface 
and the aqueous solution could generate a high osmotic pressure up to 97.4 atm, which was 
much higher than that of seawater (~26 atm).  In FO tests, a high water flux of 10.4 LMH 
was observed when using seawater as feed solution. Besides, Na_CQDs showed negligible 
reverse solute flux. However, the recovery of draw solute was demonstrated with 
membrane distillation (MD) at 45 oC (as shown in Figure 2.4), which would increase the 
operational cost unless using waste heat or other energy sources.  
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2.3 “Smart” Draw Solutes 
2.3.1 Magnetic-Responsive Draw Solutes 
With the rapid progress of nanotechnology, nanomaterials have been used in various 
applications and also brought new opportunities for the development of FO draw solutes. 
Functional magnetic nanoparticles (MNPs), which are responsive to an external magnetic 
field, are considered as promising draw solutes and have attracted great interest during last 
few years. Oriard and co-workers first proposed the concept of using hydrophilic MNPs as 
solutes and recovering with an external magnetic field.36 Since then, various hydrophilic 
capping ligands were attempted to functionalize the surface of MNPs and provide osmotic 
pressure. Ling and co-workers employed poly (acrylic acid) (PAA), triethylene glycol 
(TREG) and 2-pyrrolidine (2-Pyrol) to functionalize MNPs and obtained hydrophilic 
MNP-based draw solutes.37,38 Ge and co-workers synthesized hydrophilic MNPs capped 
with poly (ethylene glycol) diacid (PEG-(COOH)2) and studied their FO performance 
(Figure 2.5).39 Bai and co-workers utilized dextran as ligand for MNPs and examined the 
FO performance as draw solutes for brackish water desalination.40 Guo and co-workers 
developed a solventless thermolysis route to produce ultra-small MNPs (< 5 nm) 
functionalized with sodium citrate, which was used for protein enrichment.9 Among these 
ligand-capping MNPs, PAA functionalized MNPs exhibited the best performance in terms 
of high water flux, which could be due to strong dissociation of ionic capping ligand and 
also reduced nanoparticle size. However, agglomeration of MNPs after regeneration under 
a high-strength magnetic field were observed, which could significantly affect the draw 
ability of draw solutes. To avoid this situation, UF assisted with a moderate-strength 
magnetic field was used to recycle the draw solute.37 Later, Ling and co-workers proposed 
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using thermoresponsive MNPs to avoid using high-strength magnetic field for separation.41 
By cooperating with a thermoresponsive polymer, poly (N-isopropylacrylamide) 
(PNIPAM), MNPs could agglomerate spontaneously to larger particles when heated above 
the lower critical solution temperature (LCST), which could be easily trapped with a low-
strength magnetic field. PNIPAM-modified MNPs showed good thermal responsiveness 
and recyclability. However, low water flux would limit its use to only a few applications.  
 
Figure 2.5 Scheme of FO process with MNP-based draw solutes.38 Copyright (2010), with 
permission from American Chemical Society. 
 
2.3.2 CO2-Responsive Draw Solutes 
Recently, switchable polarity solvents (SPSs) were investigated as FO draw solutes by 
Stone and co-workers.42 The transition of SPSs from water immiscibility to water 
miscibility is triggered by CO2. As shown in Figure 2.6, after purging with CO2, mixture 
of tertiary amine and water will convert to compounds containing ammonium bicarbonate. 
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This process is reversible with mild heating and N2 purging. N,N-dimethylcyclohexylamine 
(N(Me)2Cy), as one kind of SPS, was proposed as FO draw solute and showed good 
performance in terms of high water flux due to its competitive osmotic pressure with 
conventional inorganic-salt-based draw solutes. However, to obtain drinking water, RO 
was needed to remove a large amount of N(Me)2Cy residual after phase separation at 70 
oC. In addition, CTA membrane was damaged due to the high pH value of N(Me)2Cy, thus, 
FO membrane with high pH tolerance is required. To improve the compatibility with FO 
membrane and degassing performance, another SPS, 1-cyclohexylpiperidine (CHP), was 
studied as FO draw solute.43 It was found CHP draw solution showed comparable 
performance with N(Me)2Cy in terms of high water flux and low reverse solute flux. 
Besides, a low temperature of 70 oC was sufficient to degas CHP at ambient pressure, 
which was much more energy-efficient than that of N(Me)2Cy. Thus, a low pressure 
filtration for further purification is required as shown in Figure 2.7. 
 
Figure 2.6 A general scheme of an SPS from its nonpolar water immiscible form to its 






Figure 2.7 Proposed SPSs as draw solutes in FO system with regeneration.43 Copyright 
(2015), with permission from Elsevier. 
 
To reduce the energy cost during regeneration of draw solutes, a CO2-responsive polymer, 
poly [2-(dimethylamino)ethyl methacrylate] (PDMAEMA), was synthesized and 
employed as draw solute in FO.44 This polymer is able to reversibly switch between the 
protonated and deprotonated states in aqueous solution by purging with CO2 or an inert gas. 
Once protonated as shown in Figure 2.8, the polymer becomes a polyelectrolyte containing 
ionic species of ammonium bicarbonate, and generates sufficient high osmotic pressure for 
seawater desalination, whereby a moderate FO water flux is obtained. The deprotonation 
is achieved by purging with air at around 60 oC. Moreover, the LCST-behaviour of 
deprotonated PDMAEMA further lowers down the solubility and enhances the 
sedimentation during generation. However, similar to the most of polymer-based draw 
solutes, the main drawback is the high viscosity, at a concentration of 0.6 g g-1, the viscosity 
can be as high as that of olive oil (80 cp). As a result, this would increase the operation cost 





Figure 2.8 Schematic diagram of CO2-responsive polymers as FO draw solutes.
44 
Copyright (2013), with permission from Royal Society of Chemistry. 
 
2.3.3 Thermal-Responsive Draw Solutes 
Despite CO2-responsive draw solutes show good performance in FO process, CO2/inert gas 
purging to make phase shift or protonation/deprotonation raises the complexity of the 
whole process and may increase the overall operational cost. To avoid this issue, draw 
solutes that can response to heat are proposed. Zhao and co-workers synthesized a 
thermoresponsive copolymer, poly (sodium styrene-4-sulfonate-co-N-isopropylacrylamide) 
(PSSS-PNIPAM), and employed it as draw solute for seawater desalination.45 In this 
copolymer, the segment of PSSS is a strong polyelectrolyte that can provide a large number 
of ions in aqueous solution and thus a high osmotic pressure. While the segment of 
PNIPAM is responsible to regenerate the draw solutes utilizing its LCST behaviour. LCST 
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is the critical temperature below which the polymer can be well dissolved in water; when 
heated above its LCST, the polymer chains tend to agglomerate and separate from water. 
Membrane distillation (MD) was applied to assist the separation of product water from the 
diluted draw solution (Figure 2.9). Though energy-intensive membrane filtration is not 
demanded to recover draw solutes, heat sources remain concerned.  
 
Figure 2.9 Schematic illustration of using PSSS-PNIPAM as draw solute in FO-MD 
system.45 Copyright (2014), with permission from Elsevier. 
 
Recently, Cai and co-workers employed thermoresponsive ionic liquids (ILs), 
tetrabutylphosphonium 2,4-dimethylbenzenesulfonate (P4444DMBS) and 
tetrabutylphosphonium mesitylenesulfonate (P4444TMBS), as FO draw solutes for seawater 
desalination (Figure 2.10).46 Upon heated above its LCST, phase separation occurs and 
recycling of draw solutes is facilely achieved. However, when using simulated seawater 
(0.6 M NaCl) as feed solution, a water flux of 2.7 LMH was obtained with P4444DMBS 
solution at a high concentration of 60 wt%, which is much lower than those of conventional 
draw solutes. Later, Zhong and co-workers employed an upper critical solution temperature 
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(UCST)-type IL as a draw solute in FO.47 This IL is immiscible with water at room 
temperature but becomes a homogeneous solution upon heated above its UCST, and it 
could draw water from 0.6 M NaCl feed solution with a water flux of 0.5 LMH, whereas 
further development should be done to the improve the water flux and lower the energy 
input for FO.  
 
Figure 2.10 Schematics of FO desalination using thermoresponsive IL-based draw 
solutes.46 Copyright (2015), with permission from Royal Society of Chemistry. 
 
To eliminate the trace amount of draw solutes in product water, thermoresponsive 
hydrogels were proposed for use in FO. For example, PNIAPM hydrogels can absorb water 
below the volume phase transition temperature (VPTT, ~32 oC) and expel water at 
temperature above the VPTT.48 However, the draw ability of hydrogel relatively poor. To 
improve the performance, researchers have made progress by introducing additional ionic 
groups in the thermoresponsive hydrogels. Li and co-workers synthesized a poly (sodium 
acrylate)-co-poly (N-isopropylacrylamide) (PSA-NIPAM) hydrogel,49 which showed an 
improvement in water flux. However, the thermoresponsive property was weakened due to 
31 
 
the addition of ionic groups, whereby the dewatering process was carried out at a higher 
VPTT of 50 oC. Thus, energy cost was significantly increased. Later, solar heat was 
attempted to dewater the hydrogel. This was made possible by incorporating light-
absorbing carbon particles50 or graphene51 in PNIPAM hydrogels (PNIPAM-C), in which 
sunlight absorbed by carbon particles or graphene was converted to heat and thus increases 
the temperature of the hydrogels. A water recovery fraction of >85% was achieved with 
the enhancement by carbon particles or graphene.  
 
Figure 2.11 Schematic diagram of using thermoresponsive PIL hydrogels as FO draw 
agents.52 Copyright (2016), with permission from Wiley-VCH Verlag GmbH & Co. KGaA. 
 
Recently, thermoresponsive hydrogels based on poly (ionic liquid) (PIL) were synthesized 
and employed as draw agents in FO.52 A compared FO performance was observed with a 
PIL hydrogel prepared by polymerization of tributyl-4-vinylbenzylphophonium (TVBP) 
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with alkyl sulfonate as counterion and poly (propylene glycol) diacrylate (PPG) and poly 
(ethylene glycol) diacrylate (PEG) as cross linkers. The resultant hydrogel exhibited a 
VPTT-behaviour at around 35 oC. A facile drawing-dewatering process was demonstrated 
as shown in Figure 2.11. Though lots of effort have been made in the development of 
thermoresponsive hydrogels, however, further investigation is still needed to improve the 
FO performance. 
2.4 Regeneration Methods of Draw Solutes 
Since osmotic pressure difference between draw and feed solutions is the driving force to 
transport water across membrane, energy cost of FO during the drawing process is 
negligible compared with other membrane process. However, energy input in the recovery 
of draw solutes still raises the overall cost. Up to now, various draw solutes have been 
explored in FO technology together with their regeneration methods, which are listed in 
Table 2.2. However, there are still many challenges in current regeneration methods, such 
as high energy cost, low water recovery rate and water quality. Among these, reducing 
energy cost in regeneration is urgent. Therefore, further development of draw solute 
regeneration should focus on how to find and use low-grade energy sources. 
Table 2.2 An overview of existing regeneration methods of draw solutes in FO.53  
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Rapid progress has been made to develop FO draw solutes for seawater desalination, 
however, each draw solute has its own shortages as discussed above. So developing ideal 
FO draw solutes to obtain high-quality water still needs great effort. For further draw 
solutes, they should meet three requirements: (1) The draw solutes should be highly soluble 
in water and can dissociate a large number of ionic species to generate osmotic pressure 
higher than that of seawater (~27 atm); (2) Draw solutes of suitable molecular size should 
be well designed to minimize the reverse solute flux in order to reduce replenishment cost; 
(3) Easy separation of draw solutes from water is achievable by utilizing low-grade energy 
sources to reduce the total energy cost. Therefore, this study emphasizes on the 
development of eligible draw solutions that meet the above requirements. 
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SYNTHESIS OF HYDROPHILIC MAGNETIC 
NANOPARTICLE VIA DIRECT SURFACE 
POLYMERZATION AND ITS APPLICATION IN 
FORWARD OSMOSIS AS DRAW SOLUTE 
3.1 Introduction 
FO desalination, as a new emerging technology, critically relies on the appropriate 
selection of draw solutions, which are able to generate high osmotic pressure and be easily 
recovered.1,2 To date, various draw solutions have been attempted for FO desalination. 
However, high-energy-cost regeneration of the draw solutes, such as nanofiltration (NF) 
or RO, remain concerned.   
Nanoparticles have shown great potentials in specific applications of catalysis,3 sensing,4 
optics,5 and drug delivery.6 And this rapid progress in nanomaterial research has opened 
the door for the development of FO draw solutes. For instance, when iron oxide magnetic 
nanoparticles (MNPs) are used as draw solutes, recovery of water can be achieved by 
magnetic separation of MNPs at a relatively low energy expense.7-14 For MNP-based draw 
solutions, the surface modification of the nanoparticles is crucial to achieve higher osmotic 
pressure than seawater. Recently, several groups have explored the feasibility of using 
surface-functionalized MNPs as draw solutes in FO. However, aggregation of fresh MNPs 
and agglomeration of MNPs after regeneration were observed, which could significantly 
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affect the draw ability of draw solutes. One way to overcome this issue is to use phase 
transfer method to keep MNPs well dispersed in water without aggregation.  
Many applications often require the transfer of nanoparticles from an organic phase to an 
aqueous phase. Most colloidal nanoparticles synthesized in organic solvents are capped 
with a layer of hydrophobic ligands, such as oleic acid and oleylamine. Different strategies 
have been invented for phase transfer.15 Among all, ligand exchange is the most commonly 
used method by replacing the hydrophobic ligands with hydrophilic ligands of higher 
binding affinity to the nanoparticles.15 Various ligands are used in this method, including 
hydrophilic small molecules16-18 and polymers.19-21 An alternative approach for phase 
transfer is ligand modification. The hydrophobic ligand molecules are modified to be 
hydrophilic through interactions with other molecules. For instance, formation of a 
complex of α-cyclodextrin and oleic acid helps the iron oxide nanoparticles transfer from 
organic phase to aqueous phase.22 Besides, phase transfer can be achieved by introducing 
an additional molecular layer on the nanoparticles. Amphiphilic molecules with 
hydrophobic tail are adsorbed on the original ligand molecules, and the polar charged end 
group helps to stabilize the nanoparticles in aqueous environment. One common surfactant, 
cetyltrimethylammonium bromide (CTAB), serves as the transfer agent to provide the 
hydrophilicity.23 However, for ligand exchange, aggregation could still be observed 
especially for small nanoparticles (<20 nm). For ligand modification and ligand addition, 
specific ligands are required and cannot provide high osmotic pressure. Thus, a new 
method for phase transfer is necessary.  
Recently, Liu reported oleic acid could be used as a comonomer in the synthesis of 
polystyrene nanoparticles owing to the C=C double bond.24 By adopting the same idea of 
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utilizing the C=C double bond of oleic acid to participate in the polymerization of 
polyelectrolyte, a new route to realize the phase transfer of nanoparticles from organic 
phase to aqueous phase can be achieved, whereby the synthesis of polyelectrolyte prior to 
phase transfer is not necessary. In this work, oleic acid-capped MNPs were directly 
polymerized with sodium styrene-4-sulfonate (SSS) (Figure 3.1). PSSS assisted the 
resultant MNP-PSSS to be well dispersed in water without aggregation and provided high 
osmotic pressure. When employed as draw solute, MNP-PSSS successfully extracted water 
from saline water (NaCl solution with an osmolality of 1000 mOsm kg-1) at a water flux of 
5.6 LMH. 
 




3.2 Experimental Section 
3.2.1 Materials 
Chemicals and solvents, including iron (III) chloride hexahydrate (FeCl3•6H2O, Sigma-
Aldrich, ≥98%), sodium oleate (Sigma, ≥82%), oleic acid (OA, Aldrich, 90%), oleyl 
alcohol (Aldrich, 85%), oleylamine (OAm, Aldrich, 70%), sodium styrene-4-sulfonate 
(SSS, Aldrich, ≥90%), poly(sodium styrene-4-sulfonate) (C-PSSS, Aldrich, Mw~70000), 
4,4’-Azobis(4-cyanovaleric acid) (ACVA, Aldrich, ≥98.0%), sodium chloride (Sigma-
Aldrich, ≥99%), ethanol (Fisher, HPLC grade), n-hexane (Fisher, ACS grade), 1-
octadecene (Aldrich, 90%), toluene (Fisher, AR grade), and N,N-dimethylformamide 
(DMF, Fisher, HPLC grade), were used as received. Deionized (DI) water (18 Mcm) 
was produced with a Milli-Q system (Millipore, USA). 
3.2.2 Polymerization of Sodium Styrene-4-Sulfonate with Oleic Acid or 
Oleylamine as Comonomer 
0.25 g of OA or OAm was dissolved in 20 mL of toluene and 7 mL of DMF. The solution 
was purged with N2 for 20 mins at room temperature with stirring at 500 rpm. The mixture 
was then heated to 82 °C. 0.02 g of ACVA dissolved in 1 mL of DMF was injected into 
the solution and held for 10 mins. 1.03 g of SSS in 12 mL of DMF was then injected into 
the system and allowed to react for 24 hours with N2 blanket. The resultant OA-PSSS-1 or 
OAm-PSSS was washed with 50 mL of acetone and centrifuged at 12000 rpm for 10 mins. 
The precipitate was washed with acetone for two more times and dried with freeze dryer. 
One control group of polymer, labelled as OA-PSSS-2, was synthesized following the same 
procedures as above. After the reaction was completed, the solvent of toluene and DMF 
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was removed by rotary evaporator. The resultant solid did not proceed for further 
purification. Besides, pure PSSS was synthesized following the same procedures without 
any addition of OA or OAm.  
3.2.3 Synthesis of Hydrophobic Iron Oxide Magnetic Nanoparticles 
(MNPs) 
The synthesis of iron oxide magnetic nanoparticles functionalized with oleic acid was 
based on a reported method.25,26 Firstly, the MNP precursor, iron-oleate complex, was 
synthesized by dissolving 27 g of FeCl3•6H2O and 111.2 g of sodium oleate in a mixture 
of solvents containing 200 mL ethanol, 150 mL DI water and 350 mL hexane. The resulting 
solution was heated to 70 °C and kept at that temperature for 4 hours. After the reaction 
was completed, a separatory funnel was used to separate the upper organic layer containing 
the iron-oleate complex. The iron-oleate complex was then washed with DI water for three 
times. After washing, iron-oleate complex was stored in solid form by evaporating the 
hexane.  
For the preparation of 12-nm iron oxide nanoparticles (MNP12), 9 g of iron-oleate complex 
and 1.43 g of oleic acid were completely dissolved into 50 g of 1-octadecene at room 
temperature with the assistance of sonication. The solution was then heated to 318 °C with 
a constant heating rate of 3.3 °C min-1. The reaction was allowed to proceed at the 
temperature for 30 mins. The resulting solution containing MNPs were cooled down to 
room temperature followed by adding 125 mL ethanol to precipitate out the nanoparticles. 
The MNPs were then washed with toluene and separated by centrifugation. 
47 
 
The synthesis of MNPs with size of 5 nm (MNP5) followed similar procedures as described 
above. 9 g of iron-oleate complex and 2.85 g of oleic acid were completely dissolved into 
50 g of 1-octadecene at room temperature. And 8.05 g of oleyl alcohol was added into the 
mixture. The solution was degassed by bubbling N2 for 15 mins. Afterwards, the solution 
was heated to 280 °C at a constant heating rate of 10 °C min-1 under N2 protection and kept 
at that temperature for 30 mins. Upon completion of the reaction, the nanoparticles were 
washed following the same steps as those for 12-nm MNPs. 
3.2.4 Direct Polymerization onto the Surface of MNPs 
Direct polymerization was demonstrated as shown in Figure 3.1. Briefly, 80 mg of dried 
12-nm or 5-nm MNPs were dissolved in mixture of 20 mL of toluene and 8 mL of DMF. 
The solution was purged with N2 for 20 mins at room temperature with stirring at 500 rpm. 
The mixture was then heated to 82 °C. 10 mg of ACVA dissolved in 1 mL of DMF was 
injected into the solution and held for 10 mins. 320 mg of SSS in 8 mL of DMF was then 
injected into the system and allowed to react for 24 hours with N2 blanket. The resultant 
MNP-PSSS NPs were washed with 5 mL of ethanol and centrifuged at 12000 rpm for 10 
mins, and dried in vacuum oven. 
3.2.5 Characterizations of Copolymers and Polymer-Functionalized 
MNPs 
The chemical structures of the SSS, OA-PSSS-1, OA-PSSS-2, OAm-PSSS, PSSS and C-
PSSS polymers were analyzed by 1H NMR spectroscopy on a Bruker Advance 500 (DRX 
500 MHz) NMR spectrometer using D2O as the solvent. While the chemical structures of 
OA and OAm were characterized by 1H NMR using CDCl3 as the solvent. Raman studies 
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of OA, C-PSSS, OA-PSSS-1 and OA-PSSS-2 were performed on an XploRA PLUS 
Raman microscope (Horiba/JY, France) with the excitation wavelength of 785 nm. The 
size and morphology of the MNPs were characterized by a field emission transmission 
electron microscope (FETEM, JEOL JEM-2100F). Fourier transform infrared 
spectroscopy (FTIR) measurements were conducted by a Bio-Rad spectrometer (FTS 
3500). Functionalized magnetic nanoparticles and polymers were mixed with KBr to form 
pellets to determine the function groups. Thermogravimetric analysis (TGA) of the MNP-
PSSS and MNPs were performed with a thermogravimetric analyzer (Shimadzu, DTG-
60AH) under N2 from 30 °C to 900 °C at a temperature ramping up rate of 10 °C min
-1. 
The magnetic properties of the nanoparticles were evaluated in a vibrating sample 
magnetometer (VSM, LakeShore 450-10) with a saturating field of 1 T at room temperature.  
3.2.6 Forward Osmosis Measurement 
The osmolality of the MNP-PSSS dispersion containing 0.5 g of MNP-PSSS and 1 g of DI 
water was obtained using a vapor pressure osmometer (Wescor, VAPRO 5600). Forward 
osmosis process using MNP5/MNP12-PSSS as draw solution was conducted on a lab-scale 
circulating filtration unit. A commercial TFC membrane (Hydration Technologies Inc.) 
was used as the FO membrane. DI water, synthetic saline water (NaCl solution with a 
measured osmolality of 1000 mOsm kg-1) were used as feed solution. The cross-flow 
membrane module consists of two rectangular channels, one on each side of the membrane, 
with a frame configuration of 8.0 cm in length, 1.0 cm in width and 0.3 cm in height. The 
FO tests were conducted in PRO (pressure retarded osmosis) mode with feed and draw 
solutions flowing co-currently at same velocity of 15.0 cm s-1. The temperatures of feed 
and draw solutions were maintained at 25 ± 1 °C. As the size of the functionalized MNPs 
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is much larger the pore size the HTI FO membrane, only water is able to pass through the 
membrane. Therefore, any weight increase of the draw solution is only owing to the water 
permeation from feed solution. Since there could be significant influence on the water 
permeation due to the concentration changes of feed and draw solutions, the FO testing 
was conducted within a time period of about 1 hr to avoid large change in concentration of 
the draw solution. In addition, the amount of the feed solution was relatively large (>500 
mL) in order to minimize the concentration variation. The water permeation flux, 𝑱𝒗 (L m
-
2 h-1, abbreviated as LMH), was calculated from the mass change of the feed solution as 
follows: 
 𝑱𝒗 = ∆𝒎 (𝝆𝟎𝑨∆𝒕)⁄  
where ∆𝒎 (g) is the permeation water accumulated over a predetermined time ∆𝒕 (hr) 
during the duration of FO; 𝑨 is the effective membrane surface area (m2); and 𝝆𝟎 is the 
density of water (=1000 g L-1).  
After FO testing, the draw solution containing MNP-PSSS was regenerated from the 
diluted solution. Firstly, MNPs were separated through a high gradient magnetic separator 
(HGMS, S. G. Frantz Co. Inc., Isodynamic L-1) operating at 155 V and 2.4 A. The iron 
gauze was packed into a plastic column and fully magnetized under magnetic field before 
using. When the MNP-PSSS solution was introduced into the column, most of the magnetic 
nanoparticles were trapped in the activated iron gauze, and only small portion of MNPs 
and water were allowed to pass through. The gauze was demagnetized with removal of 
magnetic field, and the MNPs could be easily washed out with small amount of DI water. 
The filtered water containing small amount of MNPs was further proceeded to 
ultrafiltration using Vivaspin tube (Satrorius, Vivaspin Turbo 5K MWCO), operating at 
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8000 rpm for 10 mins. MNPs could be separated with only fresh water left. All the 
regenerated MNP5/MNP12-PSSS could be recycled into the FO process.  
3.3 Results and Discussion 
3.3.1 Characterizations of Polymer-Functionalized MNPs 
Oleic acid capped MNPs and polyelectrolyte functionalized MNP-PSSS were synthesized 
based on the procedures described above. From the TEM images shown in Figure 3.2a-d, 
the sizes of hydrophobic MNPs -- MNP5 and MNP12, are 4.9 and 11.9 nm, respectively. 
After direct polymerization of PSSS, the sizes of the magnetic nanoparticles were slightly 
increased to 5.1 and 12.5 nm for MNP5-PSSS and MNP12-PSSS, respectively. The 
resulting MNP-PSSS can be well dispersed in water (Figure 3.2e). To confirm the polymer 
functionalization on the surface of nanoparticles, FTIR spectra were recorded for PSSS, 
MNP12-PSSS, MNP5-PSSS, and MNP. As shown in Figure 3.3, the peak at 2925 and 2851 
cm-1 (corresponding to -CH2 and -CH3 stretching) can be found in the spectrum of MNP, 
which evidences the binding of oleic acid on the surface of nanoparticles. Two 
characteristic peaks of PSSS (1176 and 1003 cm-1, corresponding to S=O asymmetric 
stretching and S-O stretching, respectively) are observed from the spectrum of PSSS. These 
two peaks also presented in the spectra of MNP12-PSSS and MNP5-PSSS, which indicates 
the successful polymerization onto the surface of the MNPs. Two small peaks at 1562 and 
1438 cm-1, attributing to -COO asymmetric and symmetric stretching,27 were found in the 
spectra of MNP, MNP5-PSSS and MNP12-PSSS, which explicates the binding of oleic 





Figure 3.2 TEM images of (a) MNP5, (b) MNP5-PSSS, (c) MNP12, and (d) MNP12-PSSS. 






Figure 3.3 FTIR spectra of PSSS, MNP12-PSSS, MNP5-PSSS, and MNP. 
 
The amount of polymer on the surface of the MNPs can directly affect the osmolality they 
can generate, resulting in significant influence on the performance of the MNPs as draw 
solute in FO process. From thermal gravimetric analyses (TGA, Figure 3.4), a continuous 
weight loss was observed for both MNP5-PSSS and MNP12-PSSS when the temperature 
was ramped up from 100 to 800 °C. The weight loss for oleic acid-capped MNP5 and 
MNP12 were 52.30 wt% and 54.83 wt%, respectively. For MNP5-PSSS and MNP12-PSSS, 
the weight losses were 74.61 wt% and 66.79 wt%, respectively. By assuming the capping 
ligand of oleic acid was grafted on the surface of the MNPs without any loss during 
polymerization, the amounts of polymer were estimated to account for 46.77 wt% and 
26.48 wt% for MNP5-PSSS and MNP12-PSSS, respectively. Because magnetic separation 
will be performed for the regeneration of MNP-based draw solute, it is important to 
examine the magnetic property of the MNPs. The magnetic property of the MNPs was 
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characterized with vibrating sample magnetometer (VSM) at room temperature. As 
illustrated in Figure 3.5, the saturated magnetizations for MNP5 and MNP12 are 5.38 and 
12.55 emu g-1, respectively. After polymerization, the saturated magnetizations are reduced 
to 0.89 and 2.95 emu g-1 for MNP5-PSSS and MNP12-PSSS, respectively. The drop in the 
saturated magnetizations after polymerization also provides the evidence of the successful 
polymerization onto the surface of nanoparticles. 
 
Figure 3.4 TGA analyses of (a) MNP5, MNP5-PSSS, and (b) MNP12, MNP12-PSSS. 
 
 
Figure 3.5 VSM measurements of (a) MNP5, MNP5-PSSS, and (b) MNP12, MNP12-
PSSS. 
 
In order to understand the role of oleic acid playing in polymerization, poly(sodium 
styrene-4-sulfonate) (PSSS) synthesized in the presence of oleic acid as comonomer was 
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demonstrated here. For comparison, oleylamine, another commonly used capping ligand 
with C=C double bond, was chosen and added in the polymerization of PSSS. The 1H NMR 
spectra of OA, OA-PSSS-1, OA-PSSS-2, PSSS and C-PSSS are shown in Figure 3.6. The 
spectra of OA-PSSS-1, OA-PSSS-2, PSSS and C-PSSS are quite matched, indicating the 
successful polymerization in this system. The chemical shifts in the range of δ= 7.21-7.78 
ppm (i) and δ= 6.15-6.88 (h) ppm are attributed to the phenyl moiety, whereas the chemical 
shifts in the range of δ= 1.20-1.82 ppm (g) are assigned to the -CH- and -CH2- groups in 
the polymer backbone.28 In the spectra of OA-PSSS-1 and OA-PSSS-2, the disappearance 
of the unique chemical shift at δ= 5.34 ppm (a), attributing to the CH2=CH2 of oleic acid, 
suggests that oleic acid reacts in the polymerization as comonomer. However, from the 1H 
NMR spectra of OAm, SSS, OAm-PSSS, PSSS and C-PSSS shown in Figure 3.7, OAm-
PSSS does not match with PSSS (or C-PSSS) but quite matches with the monomer SSS, 
indicating the failure of polymerization. Thus, oleylamine on the surface may not 
participate in the reaction, and polymerization cannot occur with the presence of 
oleylamine. 
The participation of oleic acid in polymerization were further confirmed with Raman 
analysis (Figure 3.8). Two characteristic peaks at 1441 and 1652 cm-1, corresponding to 
C=C bending and C=C stretching, respectively, were found in the spectrum of OA. 
However, after polymerization, the characteristic peaks of OA were disappeared and only 
one peak at 1596 cm-1, which attributed to ring stretching in the phenyl moiety of SSS, was 





Figure 3.6 1H NMR spectra of OA, OA-PSSS-1, OA-PSSS-2, PSSS, and C-PSSS. 
 
 




Figure 3.8 Raman spectra of OA, C-PSSS, OA-PSSS-1, and OA-PSSS-2. 
 
3.3.2 FO Performance 
For FO tests, MNP5-PSSS and MNP12-PSSS draw solutions were prepared with a 
concentration of 33 wt%. The osmolalities of the resultant MNP5-PSSS and MNP12-PSSS 
solutions are measured to be 2200 mOsm kg-1 and 1560 mOsm kg-1, respectively. 
Assuming ideal solution, the osmotic pressures of the draw solution (in atm) can be 
estimated using van’t Hoff equation  = cRT/Pa, where c is the osmolality, R is the ideal 
gas constant 8.314 J K-1 mol-1, T is the temperature 298 K, and Pa is the atmosphere 
pressure 101325 Pa. The estimated osmotic pressures for MNP5-PSSS and MNP12-PSSS 
are 53.8 atm and 38.2 atm, respectively. Due to the relatively high concentration of the 
solutions, this estimation may not be accurate, but it can be indicative of the relative 
osmotic pressure of the samples. Both MNP5-PSSS and MNP12-PSSS draw solutions were 
then evaluated in FO process with lab-scale circulating filtration unit using commercial 
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TFC membrane (Hydration Technologies Inc., HTI). The draw solution was introduced to 
the active-layer side of the membrane. When saline water with an osmolality of 1000 
mOsm kg-1 was used as the feed solution, the water fluxes decreased to 2.4 and 5.6 LMH 
for MNP12-PSSS and MNP5-PSSS, respectively (Figure 3.9a). Such results are consistent 
with the osmotic pressures obtained for the two draw solutions -- larger difference in 
osmotic pressure between draw and feed solutions will provide higher driving force, 
leading to higher water flux. Since MNP5-PSSS solution has shown higher osmolality than 
that of MNP12-PSSS, it was selected to demonstrate the FO desalination followed by 
regeneration process for multiple cycles. Figure 3.9b shows the water flux of each cycle 
when the FO was performed with two different feed solutions: DI water, and saline water 
(osmolality = 1000 mOsm kg-1), respectively. For the first cycle, the water fluxes 
corresponding to the feed solutions of DI water and saline water were 12.0 and 5.6 LMH, 
respectively. After each cycle, there was a slight drop of the water flux. This is mainly 
caused by the loss and slight aggregation7 of MNPs during the regeneration process. 
However, after 4 cycles, a steady water flux higher than 2 LMH was still achieved when 
saline water was used as the feed solution, and no further decrease in water flux was 
observed. Although further improvement in water flux is necessary for this process to be 
economically viable, the results shown above indicate that MNPs functionalized with PSSS 




Figure 3.9 (a) Measured water fluxes using saline water as feed solutions in PRO mode 
for samples MNP12-PSSS and MNP5-PSSS (33 wt%), respectively, and (b) water fluxes 
for MNP5-PSSS draw solution (33 wt%) after each cycle using DI water, and saline water 
as feed solutions. 
 
3.4 Conclusions 
In this work, we have demonstrated that phase transfer of hydrophobic oleic acid-capped 
iron oxide MNPs can be achieved by direct polymerization of polyelectrolyte, PSSS, with 
C=C of oleic acid. The resultant MNP-PSSS were well dispersed in water and employed 
as a draw solute for saline water desalination. Compared with other MNP-based draw 
solutes, aggregation of fresh MNPs and agglomeration of MNPs after regeneration were 
reduced. When using MNP5-PSSS solution at 33 wt% as draw solution, the water fluxes 
corresponding to the feed solutions of DI water and saline water were 12.0 and 5.6 LMH, 
respectively. Regeneration of draw solute was achieved by using a magnetic separator. 
After 4 cycles, a water flux higher than 2 LMH was still attained when saline water was 
used as the feed solution. Moreover, this new route of phase transfer can be applied to other 
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NANOPARTICLES AS DRAW SOLUTE FOR 
SEAWATER DESALINATION a 
4.1 Introduction 
For typical MNPs-based draw solutions, the surface modification and the size of the 
nanoparticles are two crucial factors to achieve higher osmolalities than seawater.1-8 This 
is because the osmolality of a solution is governed by the number of dissolved solute 
particles or ions. Therefore, smaller nanoparticles with high specific surface areas would 
allow the attachment of a large number of functional groups; while functional groups that 
readily dissociate to give ions would further generate high osmolalities. In Chapter 3, we 
have introduced a new route to the preparation of polyelectrolyte-coated MNPs and applied 
the resultant MNPs as FO draw solutes. However, such MNPs with a relatively small size 
(<15 nm) are difficult to capture with a magnetic separator.2 Therefore, there exists a 
dilemma when magnetic nanoparticles are used as FO draw solutes: ultra-small MNPs 
exhibit superior performance over large ones in FO, but are difficult for recovery.1 One 
solution for efficient magnetic separation of small MNPs is to achieve reversible 
a Reproduced from Zhao et.al. Thermoresponsive Magnetic Nanoparticles as Draw Solute 
for Seawater Desalination. ACS Applied Materials & Interfaces 2013, 5, 11453-11461. 
Copyright (2013), with permission from American Chemical Society. 
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aggregation of small nanoparticles into bigger ones. This method could significantly 
facilitate magnetic capture using a high gradient magnetic separator (HGMS).2,9,10  
Reversible aggregation of MNPs can be achieved by functionalization with temperature 
sensitive polymers such as poly (N-isopropylacrylamide) (PNIPAM).3,11 Heating the 
solution above its LCST (~32 C for PNIPAM) induces clustering of the MNPs due to the 
shrink of the polymer chains.12,13 Although a few thermoresponsive polymer-based FO 
draw solutions have been reported previously,3,14-16 it has been difficult for this kind of 
draw solutions to desalinate seawater due to the low osmotic pressure provided by 
thermoresponsive polymers or the lack of a viable regeneration method. Herein, we 
investigate a new design of thermoresponsive MNPs aiming to significantly improve their 
osmolality for seawater desalination. In this work, the MNPs are functionalized with a 
copolymer – poly (sodium styrene-4-sulfonate)-co-poly (N-isopropylacrylamide) 
(abbreviated as PSSS-PNIPAM).17,18 This copolymer integrates two functions: segment of 
poly (sodium styrene-4-sulfonate) (PSSS) as a polyelectrolyte can dissociate to give a large 
number of ions in solution and provide high osmolality; while thermoresponsive PNIPAM 
will facilitate draw solute regeneration via particle aggregation at temperatures above its 
LCST. We have found that the MNPs functionalized with PSSS-PNIPAM successfully 
draw water from seawater. In addition, regeneration of the MNP-based draw solution has 
been achieved with magnetic separation assisted by mild heating. To the best of our 
knowledge, this is the first demonstration of seawater desalination using thermoresponsive 




4.2 Experimental Section 
4.2.1 Materials 
All chemicals and solvents, including iron (III) chloride hexahydrate (FeCl3•6H2O, Sigma-
Aldrich, ≥98%), sodium oleate (Sigma, ≥82%), oleic acid (Fluka), oleyl alcohol (Aldrich, 
85%), N-isopropylacrylamide (NIPAM, Aldrich, 97%), sodium styrene-4-sulfonate (SSS, 
Aldrich, ≥90%), 4,4’-Azobis(4-cyanovaleric acid) (ACVA, Aldrich, ≥98.0%), sodium 
chloride (Sigma-Aldrich, ≥99%), ethanol (Fisher, HPLC grade), n-hexane (Fisher, ACS 
grade), 1-octadecene (Aldrich, 90%),  dimethyl sulfoxide (DMSO, Fisher, AR grade), 
toluene (Fisher, AR grade), and N,N-dimethylformamide (DMF, Fisher, HPLC grade), 
were used as received. Deionized (DI) water (18 Mcm) was produced with a Milli-Q 
system (Millipore, USA). 
4.2.2 Synthesis of Iron Oxide Magnetic Nanoparticles (MNPs) 
The synthesis of iron oxide magnetic nanoparticles functionalized with oleic acid was 
based on a reported method with some modifications.19,20 Firstly, the MNP precursor, iron-
oleate complex, was synthesized by following the same procedures as described in Chapter 
3. 
For the synthesis of 9-nm iron oxide nanoparticles, 9 g of iron-oleate complex and 1.43 g 
of oleic acid were completely dissolved into 63 mL of 1-octadecene at room temperature 
with the assistance of sonication. The solution was then heated to 318 °C with a constant 
heating rate of 3.3 °C min-1. The reaction was allowed to proceed at the temperature for 30 
mins. The resulting solution containing MNPs were cooled down to room temperature 
followed by adding 125 mL ethanol to precipitate out the nanoparticles. The MNPs were 
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then washed with toluene and separated by centrifugation. The synthesis of MNPs with 
size of 5 nm followed similar procedures as described above. 9 g of iron-oleate complex 
and 2.85 g of oleic acid were completely dissolved into 63 mL of 1-octadecene at room 
temperature. And 8.05 g of oleyl alcohol was added into the mixture. The solution was 
degassed by bubbling N2 for 15 mins. Afterwards, the solution was heated to 280 °C at a 
constant heating rate of 10 °C min-1 under N2 protection and kept at that temperature for 
30 mins. Upon completion of the reaction, the nanoparticles were washed following the 
same steps as those for 9-nm MNPs. 
4.2.3 Synthesis of Random Copolymer poly (sodium styrene-4-sulfonate)-
co-poly (N-isopropylacrylamide)17 
3 g of SSS and 17 g of NIPAM was dissolved into 115 mL DMSO. The resulting solution 
was degassed by bubbling N2 for 20 mins. When the solution was heated to 80 °C, 5 mL 
DMSO containing 0.92 g of ACVA was injected into the reactant solution. The reaction 
took 24 hrs under the protection of N2 blanket. After the reaction was completed, the 
copolymer solution was cooled down to room temperature and acetone was added to 
precipitate out the copolymer. The copolymer was dried in vacuum oven at 25 °C. Based 
on the weight percent of SSS (15%), the random copolymer PSSS-PNIPAM is denoted as 
15SN. Pure poly (sodium 4-styrene sulfonate) (PSSS) and poly (N-isopropylacrylamide) 
(PNIPAM) were synthesized following the same procedures by only introducing single 
monomer to the reaction. The chemical structure of the synthesized copolymer was 
analyzed by 1H NMR spectroscopy on a Bruker Advance 500 (DRX 500 MHz) NMR 
spectrometer using D2O as solvent. Copolymer of 15SN was synthesized and analyzed by 
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NMR spectrometer. The 1H NMR spectra of PSSS, PNIPAM, and 15SN are shown in 
Figure 4.1. The chemical shifts in the range of δ= 2.48-2.80 ppm (a) are attributable to the 
-CH- group linked to phenyl moiety, whereas the chemical shift at δ= 1.06 ppm (b) is 
assigned to the -CH3 groups in the NIPAM moieties. The chemical shift at δ= 3.81 ppm (c) 
can be assigned to the -CH- group adjacent to the amide group. The chemical shifts of the 
copolymer are consistent with those of PSSS and PNIPAM. The molecular weight of the 
copolymer was characterized by Waters gel permeation chromatography (GPC) system 
using DMF as the eluent at 30 °C and at a flow rate of 1.0 mL min-1. The average molecular 





Figure 4.1 1H NMR spectra of PSSS, PNIPAM and 15SN in D2O. 
69 
 
4.2.4 Ligand Exchange 
Ligand exchange was conducted to replace the hydrophobic oleic acid on the surface of the 
MNPs with the hydrophilic 15SN. Briefly, 80 mL of toluene containing 0.4 g of MNPs was 
mixed with 80 mL DMF containing 1.6 g of 15SN. The mixture was vigorously stirred 
with a mechanical stirrer and heated to 130 °C for 24 hrs. After the reaction was finished, 
the resulting MNPs functionalized with the copolymer 15SN were precipitated out by 
adding hexane (MNP-15SN). 
 




4.2.5 Characterizations of Copolymer and Copolymer-Functionalized 
MNPs 
The chemical structure of the PSSS-PNIPAM copolymer was analyzed by 1H NMR 
spectroscopy on a Bruker Advance 500 (DRX 500 MHz) NMR spectrometer using D2O as 
the solvent. The molecular weight of the copolymer was characterized by gel permeation 
chromatography (Waters GPC system) equipped with a Waters 1515 isocratic HPLC pump, 
a Waters 717 plus Autosampler injector, a Waters 2414 refractive index detector, and an 
Agilent PLgel 5 μm mixed-D column (Cat. No. 79911GP-MXD), using DMF as the eluent 
at 30 °C and at a flow rate of 1.0 mL min-1. The size and morphology of the MNPs were 
characterized by a field emission transmission electron microscope (FETEM, JEOL JEM-
2100F).  Fourier transform infrared spectroscopy (FTIR) measurements were conducted 
by a Bio-Rad spectrometer (FTS 3500). Functionalized magnetic nanoparticles and 
polymers were mixed with KBr to form pellets to determine the function groups. 
Thermogravimetric analysis (TGA) of the MNP-15SN, MNPs and 15SN were performed 
with a thermogravimetric analyzer (Shimadzu, DTG-60AH) under N2 from 50 °C to 900 °C 
at a temperature ramping up rate of 10 °C min-1. The magnetic properties of the 
nanoparticles were evaluated in a vibrating sample magnetometer (VSM, LakeShore 450-
10) with a saturating field of 1 T at room temperature. The size change with temperature 
of the MNP-15SN was measured by Nanoparticle Size Analyzer (Nano ZS, ZEN3600). 
4.2.6 Forward Osmosis Process Using MNP-15SN as Draw Solutes 
The osmolality of the MNP-15SN dispersion containing 0.5 g of MNP-15SN and 1 g of DI 
water was measured using a vapor pressure osmometer (Wescor, VAPRO 5600). Forward 
osmosis process using MNP5/MNP9-15SN as draw solution was conducted on a lab-scale 
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circulating filtration unit. A commercial TFC membrane (Hydration Technologies Inc.) 
was used as the FO membrane. DI water, simulated saline water (NaCl solution with a 
measured osmolality of 1000 mOsm kg-1) and simulated seawater (3.5 wt% NaCl solution 
with an osmolality of 1200 mOsm kg-1) were used as feed solutions. The setup and 
operating parameters for FO tests were conducted in the same manner as described in 
Chapter 3. The water permeation flux, 𝑱𝒗 (L m
-2 h-1, abbreviated as LMH), was calculated 
from the mass change of the feed solution as follows: 
 𝑱𝒗 = ∆𝒎 (𝝆𝟎𝑨∆𝒕)⁄  
where ∆𝒎 (g) is the permeation water accumulated over a predetermined time ∆𝒕 (hr) 
during the duration of FO; 𝑨 is the effective membrane surface area (m2); and 𝝆𝟎 is the 
density of water (=1000 g L-1).  
After FO testing, the draw solution containing MNP-15SN was regenerated from the 
diluted solution using a high gradient magnetic separator (HGMS, S. G. Frantz Co. Inc., 
Isodynamic L-1) followed by an ultrafiltration step. The setup and operating parameters 
were the same as described in Chapter 3. All the regenerated MNP5/MNP9-15SN could be 
recycled into the FO process.  
4.3 Results and Discussion 
4.3.1 Characterizations of PSSS-PNIPAM-functionalized MNPs 
Thermoresponsive magnetic nanoparticles functionalized with PSSS-PNIPAM copolymer 
were synthesized following the procedures described in Figure 4.2. The PSSS-PNIPAM 
copolymers were synthesized in a radical copolymerization reaction.17 Oleic acid-capped 
MNPs with two different sizes were prepared based on a modified method reported by 
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Hyeon and co-workers.19 Based on the TEM images shown in Figure 4.3a and c, the sizes 
of the MNPs are 4.9 and 9.4 nm (denoted as MNP5 and MNP9), respectively. The MNPs 
were then functionalized with PSSS-PNIPAM copolymers consisting of 15 wt% of PSSS 
and 85 wt% of PNIPAM (15SN) via ligand exchange. The resulting nanoparticles (MNP5-
15SN and MNP9-15SN) can be well dispersed in water. After ligand exchange, the sizes 
of the nanoparticles increased slightly to 5.2 and 10.5 nm, respectively (Figure 4.3b, d).  
 
Figure 4.3 TEM images and size distributions of (a) MNP5, (b) MNP5-15SN, (c) MNP9, 
and (d) MNP9-15SN. 
 
To confirm the surface functional groups of the nanoparticles, FTIR spectra were recorded 
for PSSS, PNIPAM, 15SN, and MNP5-15SN. As shown in Figure 4.4, characteristic peaks 
of PNIPAM (1654 and 1542 cm-1, attributing to C=O stretching and N–H bending, 
respectively) and PSSS (1176 and 1003 cm-1, attributing to S=O asymmetric stretching and 
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S-O stretching, respectively) can be found from the spectrum of 15SN. These four peaks 
also present in the spectrum of 15SN-capped MNPs, indicating that the copolymer is 
successfully grafted onto the surface of the nanoparticles. 
 
Figure 4.4 FTIR spectra of PNIPAM, MNP5-15SN, PSSS-PNIPAM, and PSSS. 
 
The amount of functional capping ligands on the surface of the MNPs can significantly 
affect the performance of the nanoparticles when they are used as draw solution.  From 
thermal gravimetric analyses (TGA, Figure 4.5a-b), a continuous weight loss was observed 
for both MNP5-15SN and MNP9-15SN when the temperature ramped up from 50 to 
700 °C. The weight losses for oleic acid-capped MNP5 and MNP9 were 52.3 wt% and 54.7 
wt%, respectively, indicating that the loadings of oleic acid on the particle surface of MNP5 
and MNP9 are similar. For MNP5-15SN and MNP9-15SN, the weight losses were 77.2 
wt% and 83.8 wt%, respectively. Since the weight loss of 15SN is 90.7 wt%, the amount 
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of copolymer grafted on particle surface can be estimated by assuming that the oleic acid 
was completely removed during ligand exchange with 15SN. Based on this assumption, 
the copolymer was estimated to account for 85.1 wt% and 92.4 wt% of the samples for 
MNP5-15SN and MNP9-15SN, respectively. This relatively high loading of the copolymer 
is crucial for the MNPs to provide high enough osmolality when they are dispersed in water. 
 
Figure 4.5 (a-b) TGA analyses of 15SN, MNP5, MNP5-15SN, MNP9, and MNP9-15SN. 
(c) VSM measurements of MNP9, MNP5, MNP9-15SN, and MNP5-15SN. (d) VSM 
measurements normalized to the weight of nanoparticles. 
 
The magnetic property of the MNPs was characterized with vibrating sample 
magnetometer (VSM) at room temperature. As shown in Figure 4.5c, the saturated 
magnetizations for MNP5, MNP9, MNP5-15SN and MNP9-15SN are 5.38, 12.25, 1.66 
and 2.49 emu g-1,
 respectively, in which the masses are based on the whole sample 
including both iron oxide and the capping ligands. Obviously, the saturated magnetization 
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of the MNPs decreased when grafted with copolymer. With larger amount of copolymer 
coated on the nanoparticle surface, the drop in saturated magnetization is larger -- 79.7% 
for MNP9, and 69.1% for MNP5. When normalized with the mass of iron oxide, the 
saturated magnetizations are 11.28, 27.13, 11.12, and 32.72 emu g-1 for MNP5, MNP9, 
MNP5-15SN, and MNP9-15SN, respectively (Figure 4.5d). The normalized saturated 
magnetizations of MNP5 and MNP5-15SN are almost the same. However, for MNP9 and 
MNP9-15SN, the two values differ by 20%, which may be attributed to the incompletion 
of the ligand exchange, therefore, some oleic acid remained on the surface of the 
nanoparticles.  
 
Figure 4.6 (a) the hydrodynamic size of the MNPs increased at temperatures above 32 oC; 
(b) precipitation of MNPs was found when MNP9-15SN was heated at 70 °C. (c) Digital 
photos showing the effect of magnetic separation for MNP5-15SN at room temperature 
and heated at 70 °C, respectively.  
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To examine the thermoresponsive property of the MNPs capped with PSSS-PNIPAM 
copolymer, we monitored the size change of the nanoparticles at different temperatures 
using a nanoparticle size analyzer. As shown in Figure 4.6a, at room temperature, MNP9-
15SN shows a hydrodynamic size of ~25 nm. When the temperature was increased from 
room temperature to 30 °C, the size of the particles started to increase, indicating that the 
LCST of the copolymer capped on the nanoparticles is around 30 °C. At this temperature, 
the PNIPAM in the copolymer changed from hydrophilic to hydrophobic, causing 
decreased steric repulsion force among particles. Therefore, the nanoparticles started to 
aggregate and grow in size. When the temperature was above 32°C, the size of the particles 
reached ~100 nm. Moreover, sedimentation of the particles was observed quickly after the 
sample was heated above its LCST, while for the sample that was kept at room temperature, 
no sedimentation was observed (Figure 4.6b). For the MNP5-15SN solution (concentration 
of 33 wt%), it was found that 14% of the nanoparticles were precipitated when heated to 
70 °C. This temperature-induced aggregation of the MNPs should facilitate further 
magnetic separation and effective regeneration of the draw solution. Magnetic capturing of 
the nanoparticles with high gradient magnetic separator (HGMS) was further examined for 
MNP5-15SN samples at room temperature and heated at 70 oC, respectively. In these tests, 
MNP5-15SN solutions with an initial osmolality of 1178 mOsm kg-1 were allowed to pass 
through the HGMS. The measured osmolalities of the resultant solutions were 833 and 560 
mOsm kg-1 for the samples without and with heating, respectively, indicating that more 
MNPs were removed from the solution at temperature above the LCST. This was also 
confirmed visually based on the digital photos of the samples as shown in Figure 4.6c. This 
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result confirms that the clustering of nanoparticles at temperature above LCST indeed 
facilitates separation.  
4.3.2 Desalination and Cycling Tests 
For FO tests, two draw solutions containing MNP5-15SN and MNP9-15SN (33 wt%), 
respectively, were prepared. The measured osmolalities of the resultant MNP5-15SN and 
MNP9-15SN solutions are 2250 mOsm kg-1 and 1670 mOsm kg-1, respectively. Assuming 
ideal solution, the osmotic pressures of the draw solution (in atm) can be estimated using 
van’t Hoff equation  = cRT/Pa, where c is the osmolality, R is the ideal gas constant 8.314 
J K-1 mol-1, T is the temperature 298 K, and Pa is the atmosphere pressure 101325 Pa. The 
estimated osmotic pressures for MNP9-15SN and MNP5-15SN are 40.8 atm and 55.0 atm, 
respectively (Figure 4.7a). For typical seawater with a salinity of 3.5% (or 1200 mOsm), 
the osmotic pressure is around 29 atm. It should be noted that due to the relatively high 
concentration of the solutions, this estimation will not be accurate, but it can be indicative 
of the relative osmotic pressure of the samples. The lower osmotic pressure of MNP9-
15SN compared to MNP5-15SN may be attributed to the large size of the nanoparticles 
and the incomplete ligand exchange based on the TGA and VSM analyses. 
Both MNP5-15SN and MNP9-15SN at 33 wt% were then evaluated as FO draw solutions 
with lab-scale circulating filtration unit using commercial TFC membrane (Hydration 
Technologies Inc., HTI). The draw solution was introduced to the active-layer side of the 
membrane. When DI water was used as feed solution, the water fluxes across the HTI 
membrane were 9.9 and 14.9 LMH for MNP9-15SN and MNP5-15SN, respectively. When 
saline water with an osmolality of 1000 mOsm kg-1 was used as the feed solution, the water 
fluxes decreased to 1.7 and 3.7 LMH for MNP9-15SN and MNP5-15SN, respectively 
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(Figure 4.7b). Such results are consistent with the osmotic pressures obtained for the two 
draw solutions -- larger difference in osmotic pressure between draw and feed solutions 
will provide higher driving force, leading to higher water flux. And such relationship 
between the difference in osmotic pressure and water flux (Jv) can be described as Jv= α 
Δπ, where α is the pure water permeability coefficient governed by the system, Δπ is the 
osmotic pressure difference between bulk draw solution and bulk feed solution. 
 
Figure 4.7 (a) Osmotic pressures and (b) measured water fluxes using DI water and saline 
water as feed solutions in PRO mode for samples MNP9-15SN and MNP5-15SN (33 wt%), 






Figure 4.8 Schematic illustration of the FO process using MNP-15SN as draw solution 
and the regeneration of the draw solute. 
 
The PSSS-PNIPAM functionalized MNPs are responsive to two stimuli: temperature and 
magnetic field. This property allows a facile approach to recover the MNPs when they are 
used as FO draw solute. The regeneration and cycling process of MNP5-15SN for FO 
desalination is illustrated in Figure 4.8. The diluted MNP-15SN draw solution after FO was 
heated above the LCST -- in industrial process, the required thermal energy for this mild 
heating can be provided by waste heat from plants21 or solar heating22 to minimize energy 
cost. Some MNPs aggregated and precipitated out. The precipitated MNPs were then 
recycled into the draw solution. The remaining nanoparticles in solution proceeded to the 
HGMS, where the MNPs were captured by magnetic field. Since it is difficult to 
completely remove the MNPs with HGMS, the solution was further processed with 
ultrafiltration to give product water, while the MNPs were recycled back to the draw 
solution. It should be noted that this process was performed in separated steps due to the 
small scale of the test in this work. Since MNP5-15SN solution has shown higher 
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osmolality than that of MNP9-15SN, it was selected to demonstrate the FO desalination 
followed by regeneration process for multiple cycles. Figure 4.9 shows the water flux of 
each cycle when the FO was performed with three different feed solutions: DI water, saline 
water (osmolality = 1000 mOsm kg-1), and simulated seawater (osmolality = 1200 mOsm 
kg-1), respectively. For the first cycle, the water fluxes corresponding to the feed solutions 
of DI water, saline water, and seawater were 14.9, 3.7, and 2.7 LMH, respectively. After 
each cycle, there was a slight drop (<10%) of the water flux. This is mainly because of the 
loss of MNPs during the regeneration process. After 5 cycles, a water flux higher than 2 
LMH was still attained when seawater was used as the feed solution. Although further 
improvement in water flux is necessary for this process to be economically viable, the 
results shown above indicate that thermoresponsive MNPs functionalized with PSSS-
PNIPAM are promising FO draw solutes for seawater desalination.  
 
Figure 4.9 Water fluxes for MNP5-15SN draw solution (33 wt%) after each cycle using 




In order to improve the recycling of draw solute, magnetic nanoparticles functionalized 
with a thermoresponsive copolymer PSSS-PNIPAM were synthesized and employed as 
draw solute for seawater desalination. This is made possible by three essential functions 
specifically designed for this nanostructure: (1) the Fe3O4 core allows magnetic separation 
of the draw solute from water; (2) the thermoresponsive PNIPAM enables reversible 
clustering of the particles to improve magnetic capture when the temperature is above its 
LCST; and (3) the polyelectrolyte PSSS provides osmotic pressure high enough to 
counteract that of seawater. When used as draw solution in a FO process, the MNPs 
functionalized with PSSS-PNIPAM successfully extracted water from seawater and 
achieved water fluxes larger than 2 LMH. Subsequent magnetic separation of the MNPs 
assisted by mild heating together with an ultrafiltration step led to regenerated draw 
solution and freshwater. The results obtained in this work demonstrate that multi-functional 
magnetic nanoparticles are promising draw solutes in FO process for seawater desalination. 
To minimize the energy consumption in practical processes, the mild heating may be 
provided by waste heat from chemical plant or solar thermal energy. However, it should 
be noted that further experimental investigation and thermodynamic analysis are necessary 
to compare the energy required for the regeneration of the thermoresponsive magnetic 
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THERMORESPONSIVE MAGNETIC IONIC 
LIQUIDS: SYNTHESIS AND TEMPERATURE 
SWITCHABLE MAGNETIC SEPARATION b 
5.1 Introduction 
Though hydrophilic MNPs have been developed and used as FO draw solutes, their 
osmolalities are still not high enough which could be possibly due to the limitation of 
relatively high molecular weight. In order to further increase the osmolality, draw solutes 
with smaller molecular weight are to be explored. Ionic liquids (ILs) are molten salts with 
melting points below 100 oC, typically comprising bulky organic cations (i.e. imidazolium, 
phosphonium, ammonium or pyridinium) and organic or inorganic anions (i.e. BF6
-, PF4
-. 
Cl- or Br-).1-8 Due to their interesting properties including low vapour pressure, high 
thermal and chemical stability, and high conductivity,4  ILs have been intensively studied 
recently and have found applications in fields including catalysis,5,7 electrochemistry,6,8 
and separation.9,10  
Recently, magnetic ionic liquids (MILs) exhibiting susceptibility to external magnetic field 
have attracted increasing attention.11-13 MILs are generally obtained by incorporating high-
spin transition metal ions into the structure of conventional ILs. Since the discovery of the 
b Reproduced from Zhao et.al. Thermoresponsive Magnetic Ionic Liquids: Synthesis and 
Temperature Switchable Magnetic Separation. RCS Advances 2016, 6, 15731-15734. 
Copyright (2016), with permission from Royal Society of Chemistry. 
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first MIL, 1-butyl-3-methylimidazolium tetrachloroferrate, by Hayashi and Hamaguchi in 
2004,11 a few MILs based on transition metals such as Co(II),14-16 Mn(II),17 have been 
reported. Recently, lanthanide complexes such as Gd(III),16,18 Nd or Dy,19,20 have also been 
explored due to their strong response to an external magnetic field and their special 
luminescence properties. These MILs have been investigated in various applications,21-23 
including electroacitve species in electrochemistry,14 magnetic hydraulic in engineering,24 
and materials for gas absorption.25 Especially, they have been intensively investigated as 
recyclable catalysts for chemical reactions such as Grignard cross-coupling of alkyl 
halides26 and fuel desulfurization,27 where the recyclability of catalysts is of significant 
importance for cost and environmental considerations. However, most MILs synthesized 
so far are hydrophobic, so their application in catalytic reactions involving aqueous 
solution is rather limited.28 Although a few hydrophilic MILs have been reported, due to 
their low magnetic susceptibility and strong interaction with water molecules, they are 
difficult to separate from aqueous solution magnetically.29,30  Here we show that by 
incorporating thermoresponsive behavior to hydrophilic MILs, temperature switchable 
magnetic separation of hydrophilic MILs from aqueous solution can be achieved with the 
assistance of mild heating.  
Since 2005, several ILs based on phosphonium or ammonium salts have been developed 
that can exhibit LCST behavior.31,32 Upon heating to temperatures above their LCSTs, IL 
solutions undergo phase separation. It is expected that thermoresponsive MILs can also be 
synthesized by choosing appropriate component ions so that reversible mixing of MILs 
with water can be attained with thermal stimulus. In this work, by carefully selecting the 
anions and cations, we prepared four thermoresponsive MILs, namely 
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octyltrimethylammonium bromotrichloroferrate (N1,1,1,8[FeBrCl3]), 
dodecyltrimethylammonium tetrachloroferrate (N1,1,1,12[FeCl4]), 
tetradedecyltrimethylammonium bromotrichloroferrate (N1,1,1,14[FeBrCl3]), and 8-butyl-
1,8-diazabicyclo[5.4.0]undec-7-ene bromotrichloroferrate (DBU-Bu[FeBrCl3]). All four 
MILs respond to temperature change (Figure 5.1), while two of them exhibit LCST below 
60 oC. To the best of our knowledge, this is the first report of thermoresponsive MILs. 
5.2 Experimental Section 
5.2.1 Materials 
Chemicals and solvents, including trimethyl-1-octylammonium bromide (N1,1,1,8Br, Alfa 
Aesar, 97%), dodecyltrimethylammonium chloride (N1,1,1,12Cl, Fluka, ≥98%), (1-
tetradecyl)trimethylammonium bromide (N1,1,1,14Br, Alfa Aesar, 98%), 
tetrabutylphosphonium bromide (P4,4,4,4Br, Aldrich, 98%), tributyl-n-octylphosphonium 
bromide (P4,4,4,8Br, TCI, >98%), 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU, Aldrich, 98%), 
1-bromobutane (Sigma-Aldrich, 99%), iron (III) chloride hexahydrate (FeCl3•6H2O, 
Sigma-Aldrich, ≥98%), ethylenediaminetetraacetic acid iron (III) sodium salt 
(Na[FeEDTA], Sigma, 99%), dichloromethane (Sigma-Aldrich, ≥99.8%), ethanol (Fisher, 
HPLC grade), diethyl ether (Fisher, 99%), were used as received. Deionized (DI) water (18 
Mcm) was produced with a Milli-Q system (Millipore, USA). 
5.2.2 Synthesis of DBU-BuBr 
The synthesis of DBU-BuBr followed the procedures described in literature.33 Briefly, 50 
mmol of DBU was mixed with 50 mmol of 1-bromobutane at room temperature. The 
mixture was stirred at 500 rpm for 10 min to ensure fully mixing. Then the mixture was 
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heated to 90 oC and kept stirring at 500 rpm for 24 hr. The colorless liquid turned brownish 
after the completion of reaction. The viscous liquid was washed with diethyl ether twice to 
remove the unreacted reactants. The final product was obtained after vacuum drying at 40 
oC. 
5.2.3 Synthesis of MILs 
The synthesis of MILs is conducted according to a modified method.34,35 Briefly, 2 mmol 
of ammonium/amidine/phosphonium salts were dissolved in 5 mL of dichloromethane, 
followed by adding 2 mmol of FeCl3•6H2O powder. After stirring at room temperature for 
24 hr, the aqueous phase was removed before evaporating the solvent of dichloromethane. 
The residual was washed with diethyl ether twice. The final products were obtained after 
vacuum drying at 40 oC. The synthesis of [FeEDTA]- complex-based MILs can be found 
in literature.14 The yields were 89.9%, 90.4%, 72.7% and 93.0% for N1,1,1,8[FeBrCl3], 
N1,1,1,12[FeCl4], N1,1,1,14[FeBrCl3] and DBU-Bu[FeBrCl3], respectively.  
5.2.4 Characterizations of MILs 
Fourier transformation infrared (FT-IR) spectroscopy measurements of the MILs and their 
correspondent ammonium/amidine salts were accomplished with a Bio-Rad spectrometer 
(FTS 3500). Raman studies of the MILs were performed on an XploRA PLUS Raman 
microscope (Horiba/JY, France) with the excitation wavelength of 785 nm. UV-Vis spectra 
of the MILs were recorded using a Shimadzu UV-1800 spectrometer in plastic cuvettes 
with a 1cm path length at room temperature. Elemental analysis of each MIL was 
conducted with a PHI Quantera X-ray photoelectron spectroscopy (XPS) with a chamber 
pressure of 5×10-9 torr, a spatial resolution of 30 µm and an Al cathode as the X-ray source. 
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The magnetic properties of the MILs were examined by using SQUID (superconducting 
quantum interference device, Quantum Design) magnetometer in the magnetic field range 
of -20000 to 20000 Oe at 300 K. The lower critical solution temperatures (LCSTs) of the 
MILs were determined with turbidity measurement using a UV-Vis spectrophotometer 
(Shimadzu, UV-3600). Thermogravimetric analysis (TGA) of the MILs after phase 
separation was performed with a thermogravimetric analyzer (Shimadzu, DTG-60AH) 
under N2 from 30 to 120 
oC at a temperature ramping rate of 2 oC min-1. 
 
Figure 5.1 Preparation of thermoresponsive MILs with different cations: 
octyltrimethylammonium bromotrichloroferrate (N1,1,1,8[FeBrCl3]), 
dodecyltrimethylammonium tetrachloroferrate (N1,1,1,12[FeCl4]), 
tetradedecyltrimethylammonium bromotrichloroferrate (N1,1,1,14[FeBrCl3]), and 8-butyl-




5.3 Results and Discussion 
5.3.1 Characterizations of MILs 
The successful synthesis of MILs was verified by FT-IR and Raman spectroscopy. From 
the FTIR spectrum of each resulting MIL (Figure 5.2a), two peaks were found at 2854 and 
2920 cm-1, attributing to -CH2 and -CH3 stretching in the hydrocarbon moieties of the 
cations. For N1,1,1,8[FeBrCl3], N1,1,1,12[FeCl4], and N1,1,1,14[FeBrCl3], the peak at 1487 cm
-1 
corresponds to N-CH2 bending in the ammonium moieties, while for DBU-Bu[FeBrCl3], 
the peaks at 1327 and 1620 cm-1 are due to the stretching  of C-N-C and C=N in the amidine 
group. Raman analysis was conducted to study the structure of the anion of each MIL 
(Figure 5.2b). The Raman spectra of N1,1,1,8[FeBrCl3], N1,1,1,14[FeBrCl3] and DBU-
Bu[FeBrCl3] are similar -- five characteristic peaks at 340, 326, 260, 237, and 216 cm
-1 
corresponding to [FeBrCl3]
- were found for each spectrum,36 while N1,1,1,12[FeCl4] shows 
the characteristic peak of Fe-Cl at 329 cm-1.36,37 The presence of either [FeCl4]
- or 
[FeBrCl3]
- in the MILs was further confirmed with UV-Vis spectroscopy (Figure 5.3). 
Three typical absorption bands of [FeCl4]
- at 533, 615 and 688 nm can be observed for 
N1,1,1,12[FeCl4]. Five characteristic bands at 628, 650, 671, 713 and 733 nm attributing to 
[FeBrCl3]
- are shown in all three spectra of N1,1,1,8[FeBrCl3], N1,1,1,14[FeBrCl3], and DBU-
Bu[FeBrCl3]. We further conducted elemental analysis of the MILs using X-ray 
photoelectron spectroscopy (XPS). The atomic concentrations of Fe, N, Cl, and Br in each 
MIL were listed in Table 5.1. For N1,1,1,8[FeBrCl3], N1,1,1,12[FeCl4], N1,1,1,14[FeBrCl3], and 
DBU-Bu[FeBrCl3], the atomic ratios of Fe: N: Cl: Br were 1: 0.8: 2.8: 0.7, 1: 1.2: 4.4: 0, 
1: 1.2: 3.4: 1.2, and 1: 2.5: 3.9: 1.2, respectively, which are consistent with their nominal 











Figure 5.3 UV-Vis spectra of (a) N1,1,1,8[FeBrCl3], (b) N1,1,1,12[FeCl4] (c) N1,1,1,12[FeBrCl3], 
and (d) DBU-Bu[FeBrCl3]. 
 



























Fe 19.1 16.7 15.2 16.7 14.6 16.7 11.7 14.3 
N 15.4 16.7 18.1 16.7 17.4 16.7 29.2 28.6 
Cl 52.7 50 66.7 66.6 49.9 50 45.2 42.8 




Magnetic property of MILs is important for their application in magnetic extraction. Here, 
we measured the magnetic properties of our MILs using SQUID method with a magnetic 
field range of -20000 to 20000 Oe at 300 K (Figure 5.4). All four MILs exhibited 
paramagnetic behavior. From the slope of the magnetic field dependence, the magnetic 
susceptibilities of the MILs were determined to be 23.2×10-6, 16.7×10-6, 27.7×10-6 and 
21.9×10-6 emug-1 for N1,1,1,8[FeBrCl3], N1,1,1,12[FeCl4], N1,1,1,14[FeBrCl3], and DBU-
Bu[FeBrCl3], respectively. The magnetic susceptibilities are comparable to the typical MIL 




Figure 5.4 Magnetization of (a) N1,1,1,8[FeBrCl3], (b) N1,1,1,12[FeCl4], (c) N1,1,1,14[FeBrCl3], 
and (d) DBU-Bu[FeBrCl3] as a function of applied magnetic field. 
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5.3.2 Characterization of Thermoresponsive Property 
To investigate the thermoresponsive behavior of MILs, the change of UV-Vis 
transmittance with temperature at 600 nm was measured for each MIL with a concentration 
of 25 wt%. From Figure 5.5a, the LCSTs of N1,1,1,12[FeCl4] and DBU-Bu[FeBrCl3] are 60 
oC and 50 oC, respectively, at which the transmittances of the MILs dropped abruptly. 
Although the transmittances for N1,1,1,8[FeBrCl3] and N1,1,1,14[FeBrCl3] also decreased with 
temperature, no sudden drop in transmittance could be observed, indicating these two MILs 
do not exhibit LCST behavior. We further studied the effect of concentration on the LCSTs 
of N1,1,1,12[FeCl4] and DBU-Bu[FeBrCl3] (Figure 5.5b). The LCSTs of N1,1,1,12[FeCl4] 
solutions at concentrations of 25, 30, and 33 wt% were 60, 48, and 38 oC, respectively. For 
DBU-Bu[FeBrCl3], the LCSTs were 63 and 50 
oC at concentrations of 20 wt% and 25 wt%, 
respectively. When the concentrations were below 25 and 20 wt% for N1,1,1,12[FeCl4] and 
DBU-Bu[FeBrCl3], respectively, no LCST behavior was observed below 70 
oC. Thus, a 
preliminary conclusion can be made that lower concentrations of thermoresponsive MILs 
lead to higher LCSTs.  
Due to the phase separation of MILs from water at temperatures above LCST, the magnetic 
separation of MILs from aqueous solutions should be improved. The temperature 
switchable magnetic separation of thermoresponsive MILs was demonstrated with 25 wt% 
DBU-Bu[FeBrCl3] aqueous solution as an example (Figure 5.5c-f). The solution is 
translucent at room temperature (24 oC), and no response to external magnetic field can be 
observed (Figure 5.5c). Upon heating up to its LCST (50 oC) for 20 min, the solution 
became turbid. After 30 min, dark oily droplets were formed at the bottom of the glass vial. 
By applying an external magnetic field, the oily droplets were immediately attracted to the 
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side of the vial. After cooling down with ice bath, the oily droplets could be dissolved again 
to form a homogeneous solution as shown in Figure 5.5c. This process was also observed 
for the aqueous solution of N1,1,1,12[FeCl4] at 25 wt% (Figure 5.6). By measuring the 
concentrations of the aqueous phase before and after phase separation, the concentrations 
of DBU-Bu[FeBrCl3] and N1,1,1,12[FeCl4] solutions dropped to 16.5 wt% and 20.2 wt%, 
respectively. The water content in the MIL phase was obtained with thermogravimetric 
analysis (TGA). As shown in Figure 5.7, 10.6 and 20.5 wt% of water were found for DBU-
Bu[FeBrCl3] and N1,1,1,12[FeCl4], corresponding to extraction efficiencies of 43 and 19%, 
respectively.  
 
Figure 5.5 (a) Change in UV-Vis transmittance with temperature for of 25 wt% 
thermoresponsive MILs. (b) Change in UV-Vis transmittance with temperature for 
N1,1,1,12[FeCl4] and DBU-Bu[FeBrCl3] at different concentrations. (c-f) Heating DBU-
Bu[FeBrCl3] solution from 24 
oC to 50 oC and magnetic separation of DBU-Bu[FeBrCl3] 





Figure 5.6 Photographs of LCST behavior of N1,1,1,12[FeCl4] solution (a) at 24 
oC, (b) 
heated to 60 oC for 20 min, (c) at 60 oC for 10 more minutes, and (d) response to magnetic 
field at 60 oC. 
 
Similar to typical thermoresponsive ILs, the LCST behavior of MILs can be attributed to 
the hydrophilic/hydrophobic transition at different temperatures. Based on previous studies, 
it has been found that the hydrophilicity of the component ions and the length of the 
hydrophobic chain of thermoresponsive ILs could significantly influence their phase 
behavior -- longer side chains or more halogen atoms could have higher water-shedding 
effect which gives rise to lower dissociation or lower solubility in water.31,32 In our work, 
different combinations of cations and anions were tested for water solubility and 
thermoresponsiveness. The results are summarized in Table 5.2. Phosphonium cations with 
long side chains such as tetrabutylphosphonium ([P4,4,4,4]




+) were first tried with [FeEDTA]- anion. The resulting MILs are soluble in water, 
but no LCST behaviors are shown due to their high hydrophilicity. After replacing 
[FeEDTA]- with a more hydrophobic anion [FeBrCl3]
-, these resulting MILs become too 
hydrophobic to be dissolved in water. Therefore, more hydrophilic ammonium/amidine 
cations were then employed to form MILs with [FeBrCl3]
- (Figure 5.1). The four MILs all 
are thermoresponsive. However, as shown in Fig. 4a, only N1,1,1,12[FeCl4] and DBU-
Bu[FeBrCl3] exhibit LCST, indicating these two MILs are more hydrophobic than 
N1,1,1,8[FeBrCl3] and N1,1,1,14[FeBrCl3]. From the solubility and thermoresponsiveness tests, 








-< [FeEDTA]- for 
cations and anions, respectively. Since the hydrophilicity of cations and anions can 
remarkably affect the phase behavior of IL and water mixture, only MILs with cations and 
anions of moderate hydrophilicity could undergo LCST transition.  
 





Four new MILs -- N1,1,1,8[FeBrCl3], N1,1,1,12[FeCl4], N1,1,1,14[FeBrCl3] and DBU-
Bu[FeBrCl3], were successfully synthesized. This was made by choosing appropriate 
combination of cations and anions. Temperature switchable magnetic separation of MILs 
was demonstrated. From their thermoreponsiveness testing, N1,1,1,12[FeCl4] and DBU-
Bu[FeBrCl3] at the concentration of 25 wt% showed LCSTs of 60 and 50 
oC, respectively. 
And the LCSTs were increased when decreasing the concentration. When the 
concentrations were decreased below 25 wt% and 20 wt% for N1,1,1,12[FeCl4] and DBU-
Bu[FeBrCl3], no LCST-behavior could be observed. These results suggest that appropriate 
combination of cations and anions can result in LCST-type MILs. However, it should be 
noted that further experimental investigation are necessary to improve their 
thermoresponsive property and may find applications such as recyclable catalysts for 
reactions in aqueous solutions.  
Table 5.2 Solubility and thermoresponsiveness of MILs with different combinations of 
cations and anions. 
Cation Anion Soluble in H2O Thermoresponsive 
[P4,4,4,4]
+ [FeEDTA]- Y N 
[P4,4,4,8]
+ [FeEDTA]- Y N 
[P4,4,4,4]
+ [FeBrCl3]
- N - 
[P4,4,4,8]
+ [FeBrCl3]
- N - 
[N1,1,1,8]
+ [FeBrCl3]
- Y Y 
[N1,1,1,12]
+ [FeCl4]
- Y Y 
[N1,1,1,14]
+ [FeBrCl3]
- Y Y 
[DBU-Bu]+ [FeBrCl3]
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THERMORESPONSIVE MAGNETIC IONIC 
LIQUIDS WITH TUNABLE HYDROPHILICITY AS 
DRAW SOLUTES IN FORWARD OSMOSIS 
6.1 Introduction 
To date, a wide variety of chemical compounds and nanoparticles have been attempted as 
draw solutes1-9. Though these draw solutes can generate high osmotic pressure in solution 
for seawater desalination, they are difficult to regenerate. One way to lower the 
regeneration cost is to use “smart” or stimuli-responsive draw solutes. Such responsive 
draw solutes undergo certain changes upon external stimuli which enable easy separation 
from the diluted solutions using low-energy approaches such as nanofiltration (NF) and 
ultrafiltration (UF). Therefore, the overall cost of energy can be reduced. Up to now, 
several kinds of “smart” draw solutes have been proposed, including chemicals or 
nanoparticles that are responsive to magnetic field,10,11 CO2,
12,13 or heat.14-19  
Recently, ionic liquids (ILs), which are molten salts with melting points below 100 oC, 
have been utilized as draw solutes due to their suitable molecular size and high stability.20-
22 Cai and co-workers for the first time proposed to use LCST-type ILs as draw solutes that 
can be regenerated through phase separation under heating.23 Their results showed that 
thermoresponsive ILs at very high concentrations (>60 wt%) were able to draw water from 
feed solution of 0.6 M NaCl. Later, Zhong and co-workers employed an upper critical 
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solution temperature (UCST)-type IL as a draw solute in FO. This IL is immiscible with 
water at room temperature but becomes a homogeneous solution upon heating above its 
UCST,24 and it could draw water from 0.6 M NaCl feed solution with a water flux of 0.5 
LMH, although further development should be done to the improve the water flux and 
lower the energy input for FO.  
Magnetic ionic liquids (MILs), as one subclass of ionic liquids, have attracted increasing 
attention because of their susceptibility to external magnetic field.25 Since the discovery of 
the first MIL in 2004,26 many MILs have been developed and investigated in various 
applications, especially as recyclable catalysts for Grignard cross-coupling of alkyl 
halides27 and fuel desulfurization.28 In Chapter 5, we have explored the feasibility of 
designing and synthesizing thermoresponsive MILs. The effects of alkyl chain length on 
thermal property of ammonium salt-based MILs have been investigated. Here, we further 
investigate the effect of alkyl chain length on the thermal property of amidine salt-based 
MILs, and demonstrate a process of using such novel LCST-type MILs as FO draw solute. 
When heated above their LCSTs, the MIL draw solutions undergo phase separation. By 
applying an external magnetic field, the separated MILs can be easily extracted and 
recycled as fresh draw solutes without further treatment.  
In this work, four MILs were synthesized with tunable chain-length and LCST, namely 8-
butyl-1,8-diazabicyclo[5.4.0]undec-7-ene bromotrichloroferrate (DBU-Bu[FeBrCl3]), 8-
hexyl-1,8-diazabicyclo[5.4.0]undec-7-ene bromotrichloroferrate (DBU-Hex[FeBrCl3]), 8-
heptyl-1,8-diazabicyclo[5.4.0]undec-7-ene bromotrichloroferrate (DBU-Hep[FeBrCl3]), 
and 8-octyl-1,8-diazabicyclo[5.4.0]undec-7-ene bromotrichloroferrate (DBU-
Oct[FeBrCl3]). The LCSTs were varied with the chain length and the concentration. The 
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lowest LCST achieved was 50 oC for 25 wt% DBU-Bu[FeBrCl3] solution, which 
successfully extracted water from seawater (0.6 M NaCl) with a water flux of 4.5 LMH. 
To the best of our knowledge, this is the first report of using thermoresponsive MILs as FO 
draw solute.  
 
Figure 6.1 Synthesis of thermoresponsive magnetic ionic liquids with different chain 
lengths. 1. 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU); 2. [DBU-R]+Br-; 3. DBU-
R[FeBrCl3]. 
 
6.2 Experimental Section 
6.2.1 Materials 
Chemicals and solvents, including 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU, Aldrich, 
99%), 1-bromobutane (Sigma-Aldrich, 99%), 1-bromohexane (Aldrich, 98%), 1-
bromoheptane (Aldrich, 99%), 1-bromooctane (Aldrich, 99%), iron (III) chloride 
hexahydrate (FeCl3•6H2O, Sigma-Aldrich, ≥98%), dichloromethane (Sigma-Aldrich, 
≥99.8%), ethyl acetate (Sigma-Aldrich, 99.8%), sodium chloride (Sigma-Aldrich, ≥99%), 
diethyl ether (Fisher, 99%), were used as received. Deionized (DI) water (18 Mcm) was 




6.2.2 Synthesis of [DBU-R]+Br- (Compounds 2) 
The synthesis of [DBU-R]+Br- (R=C4H9, C6H13, C7H15, or C8H17) followed a modified 
procedure described in Chapter 5.29 Briefly, 50 mmol of DBU (Compound 1) was mixed 
with 50 mmol of 1-bromobutane (or 1-bromohexane, 1-bromoheptane, 1-bromooctane) at 
room temperature. The mixture was stirred at 500 rpm for 10 min to ensure fully mixing. 
Then the mixture was heated to 90 oC (100 oC for 1-bromooctane) and kept stirring at 500 
rpm for 24 hr. The purification was the same as described in Chapter 5.  
6.2.3 Synthesis of MILs (Compounds 3) 
The synthesis of MILs is conducted according to a modified method.30,31 Briefly, 25 mmol 
of [DBU-R]+Br- were dissolved in 25 mL of dichloromethane, followed by adding 25 mmol 
of FeCl3•6H2O powder. The preparation followed the same procedures as in Chapter 5. 
The scheme of preparation of thermoresponsive MILs is shown in Figure 6.1. The yields 
were 93.0%, 78.0%, 90.6% and 80.4% for DBU-Bu[FeBrCl3], DBU-Hex[FeBrCl3], DBU-
Hep[FeBrCl3] and DBU-Oct[FeBrCl3], respectively. 
6.2.4 Characterizations of MILs 
Fourier transformation infrared (FTIR) spectroscopy measurements of Compounds 2 and 
3 were conducted with a Bio-Rad spectrometer (FTS 3500). Raman spectra of the MILs 
were accquired using an XploRA PLUS Raman microscope (Horiba/JY, France) with an 
excitation wavelength of 785 nm. UV-Vis spectra of the MILs were recorded using a 
Shimadzu UV-1800 spectrometer in plastic cuvettes with a 1cm path length at room 
temperature. Elemental analysis of each MIL was conducted with a PHI Quantera X-ray 
photoelectron spectroscopy (XPS) with a chamber pressure of 5×10-9 torr, a spatial 
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resolution of 30 µm and an Al cathode as the X-ray source. The magnetic properties of the 
MILs were examined by using SQUID (superconducting quantum interference device, 
Quantum Design) magnetometer in the magnetic field range of -20000 to 20000 Oe at 300 
K. The thermal stability of DBU-Bu[FeBrCl3]3 was performed as demonstration using 
thermogravimetric analysis (TGA) with a thermogravimetric analyzer (Shimadzu, DTG-
60AH) under N2 from 30 to 450 
oC at a temperature ramping rate of 10 oC min-1. The 
LCSTs of the MIL solutions at different concentrations were determined with turbidity 
measurement using a UV-Vis spectrophotometer (Shimadzu, UV-3600). The viscosities of 
the MIL solutions at saturated concentrations were calculated with the following equation: 
                                                    𝝁 = 𝜼𝟎 ∙ 𝜼𝒓 = 𝜼𝟎 ∙ (𝒕𝝆) (𝒕𝟎𝝆𝟎)⁄                                           (1) 
where 𝜼𝟎 is the absolute viscosity of water (=1.002 cP at room temperature), 𝒕 and 𝒕𝟎 (s) 
are the respective elution times of saturated MIL solutions and DI water measured by an 
AVS 360 inherent viscosity meter,  𝝆 and 𝝆𝟎 (g mL
-1) are the densities of saturated MIL 
solutions and DI water, respectively. 
6.2.5 Forward Osmosis Measurements 
Osmolalites of the MIL aqueous solutions at different concentrations were measured with 
an osmometer (Wescor, Vapro vapor pressure osmometer). A lab-scale FO setup was 
employed for all FO tests with a membrane area of 1×2 cm2. A commercial TFC membrane 
(Hydration Technologies Inc.) was chosen for the FO tests. DI water and simulated 
seawater (3.5 wt% NaCl solution with an osmolality of 1200 mOsm kg-1) were used as feed 
solutions. The setup and operating parameters for FO tests were conducted in the same 
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manner as described in Chapter 3. The water permeation fluxes (𝑱𝒗, L m
-1 h-1, abbreviated 
as LMH) were calculated from the weight increment of the draw solution as follows: 
                                                               𝑱𝒗 = ∆𝒎 (𝝆𝟎𝑨∆𝒕)⁄                                                   (2) 
where ∆𝒎 (g) is the permeation water accumulated over a time period of ∆𝒕 (h) during the 
FO process, 𝑨 is the effective membrane surface area (m2). 
Reverse fluxes were measured with a conductivity meter (Schott Instrument, Lab 960) by 
using DI water as the feed solution. Calibration lines of the conductivity versus the 
concentration of MIL solutions were first obtained. Once the conductivity of the feed 
solution was measured upon the completion of FO, the amount of draw solute leaked into 
the feed solution was calculated. Reverse solute fluxes (𝑱𝒔, g m
-2 h-1, abbreviated as gMH) 
were obtained according to Eq. 3: 
                                                                  𝑱𝒔 = 𝒄𝒎 (𝑨∆𝒕)⁄                                                      (3) 
where 𝒄 (g g-1) is the concentration of the MILs leaked into the feed solution with a mass 
of 𝒎 (g) over a time period of ∆𝒕  (h). 
6.3 Results and Discussion 
6.3.1 Characterizations of the Synthesized MILs 
The MILs were first examined with FTIR and Raman spectroscopy. Figure 6.2 shows the 
FTIR spectra of DBU-based ILs and the corresponding magnetic ILs. Two peaks were 
found at 2854 and 2920 cm-1, attributing to -CH2 and -CH3 stretching in the hydrocarbon 
chain of the cations ([DBU-R]+). The peaks at 1200, 1327 and 1620 cm-1 are due to the 
stretching of aliphatic C-N, aromatic C-N-C, and C=N in the amidine group of the organic 
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moieties, respectively. To confirm the structure of the anion in each MIL, UV-vis 
spectroscopy was conducted (Figure 6.3a). Five typical absorption bands of [FeBrCl3]
- at 
628, 650, 671, 713 and 733 nm can be observed in the spectra of all four DBU-R[FeBrCl3] 
MILs. The presence of [FeBrCl3]
- was further confirmed with Raman analysis (Figure 
6.3b). The MILs exhibited similar Raman spectra -- five peaks at 340, 326, 260, 237, and 
216 cm-1 corresponding to [FeBrCl3]
- were found for each MIL.32 We also conducted XPS 
elemental analysis of the MILs. The atomic concentrations of Fe, N, Cl, and Br in each 
MIL were listed in Table 6.1. For DBU-Bu[FeBrCl3], DBU-Hex[FeBrCl3], DBU-
Hep[FeBrCl3], and DBU-Oct[FeBrCl3], the atomic ratios of Fe: N: Cl: Br were 1: 2.5: 3.9: 
1.2, 1: 2.2: 2.7: 0.9, 1: 2.1: 2.8: 0.9, and 1: 2.2: 3.3: 0.9, respectively. These ratios are 
consistent with their atomic ratios in the molecular formula. 


















Fe 11.7 14.6 14.8 13.4 14.3 
N 29.2 31.8 30.7 30.0 28.6 
Cl 45.2 40.1 41.1 44.5 42.8 










Figure 6.3 (a) UV-vis and (b) Raman spectra of DBU-based MILs. 
 
Because magnetic separation will be performed for the regeneration of MIL-based draw 
solute, it is important to examine the magnetic property of the MILs. The MIL samples 
113 
 
were tested with SQUID with a magnetic field range of -20000 to 20000 Oe at 300 K. As 
shown in Figure 6.4, all four MILs exhibited paramagnetic behavior. The magnetic 
susceptibilities of the MILs were determined to be 21.9×10-6, 19.5×10-6, 18.9×10-6, and 
8.5×10-6 emu g-1 for DBU-Bu[FeBrCl3], DBU-Hex[FeBrCl3], DBU-Hep[FeBrCl3], and 
DBU-Oct[FeBrCl3], respectively. The magnetic susceptibilities of DBU-R[FeCl3] 
decreased with the increase of the chain length of the alkyl group.  
 
Figure 6.4 Magnetization of MILs as a function of applied magnetic field. 
 
Draw solutions with high concentration are generally preferred to attain high osmotic 
pressure and thus high FO water flux. However, at high concentration, the high viscosity 
of a draw solution may cause high energy consumption for fluid pumping and severe 
internal concentration polarization. Thus, it is important to evaluate the solution viscosity 
of the thermoresponsive MILs with different chain lengths. It was found that the viscosities 
of saturated MIL solutions were 1.88, 1.28, 1.46, 1.54 cP for DBU-Bu[FeBrCl3], DBU-
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Hex[FeBrCl3], DBU-Hep[FeBrCl3], and DBU-Oct[FeBrCl3], respectively. As shown in 
Figure 6.5, all four thermoresponsive MIL solutions exhibited lower viscosities than most 
other reported draw solutions at their lowest concentrations.5,6,13,14,18,23,33 This indicates the 
great potential of this novel MIL-based draw solution for FO application. 
 
Figure 6.5 Viscosities of DBU-based MIL solutions. For comparison, the viscosities of 
some recently reported draw solutions are presented, including PAMAM 2.5G [ref 5], 
PAA-Na 1800 [ref 6], SPS N(Me)2Cy [ref 13], polymer P4000 [ref 14], copolymer SN15 
[ref 18], P4444TMBS [ref 23], and EDTP-Na [ref 33]. 
 
Regeneration of draw solutes are achieved by heating to their LCSTs to facilitate phase 
separation. It is necessary to investigate the stability of MILs upon heating. Herein, the 
thermal stability of MILs were demonstrated with DBU-Bu[FeBrCl3] using thermal 
gravimetric analysis. As shown in Figure 6.6, weight loss was not observed until 250 oC, 
indicating the high thermal stability of DBU-Bu[FeBrCl3] and thus its suitability as a 




Figure 6.6 TGA analysis of DBU-Bu[FeBrCl3]. 
 
To investigate the thermoresponsive property of MILs, the change in light transmittance at 
600 nm with temperature was measured for each MIL since at temperatures above the 
LCSTs of the MILs, the transmittances drop abruptly. All four MILs showed LCST 
behavior within the concentration ranges tested (20-25 wt% for DBU-Bu[FeBrCl3], and 
10-16 wt% for DBU-Hex[FeBrCl3], DBU-Hep[FeBrCl3], and DBU-Oct[FeBrCl3]). As 
shown in Figure 6.7a, lower concentrations of the thermoresponsive MILs led to higher 
LCSTs. When the concentrations decreased below 20 wt% for DBU-Bu[FeBrCl3], and 10 
wt% for the rest of MILs, no LCST behavior was observed within the temperature range 
of 25-70 oC Moreover, for DBU-Hex[FeBrCl3], DBU-Hep[FeBrCl3], and DBU-
Oct[FeBrCl3], it was found that, with the increase in concentration, the LCST of MILs with 
shorter alkyl chain length dropped faster. Therefore, although for 10 wt% MIL solutions, 
those with longer alkyl chain length showed lower LCSTs, when the concentration was 
116 
 
increased to 16 wt%, an opposite trend was observed. For DBU-Bu[FeBrCl3], due to its 
shortest alkyl chain length among the four MILs, it showed the highest LCST of 50 oC at 
its saturated concentration. When decreasing the concentration below 20 wt%, the LCST 
was abruptly increased above 70 oC and could not be observed using our UV-Vis 
spectrophotometer. Since DBU-Hex[FeBrCl3] has a lower molecular weight than DBU-
Hep[FeBrCl3] and DBU-Oct[FeBrCl3], at the same weight concentration, it can get a higher 
molar concentration than the other two, which leads to a lower LCST. However, comparing 
with the other two MILs, DBU-Hex[FeBrCl3] possesses the shortest akyl length, indicating 
the lowest hydrophobicity among the three, and resulting in the highest LCST at the same 
concentration. Thus, it can be concluded that at relatively high weight concentrations, the 
effect of molar concentration plays a dominant role in the LCST, while at relatively low 
weight concentrations, the effect of alkyl length dominate the LCST.  
The temperature switchable magnetic separation of thermoresponsive MILs was 
demonstrated with DBU-Oct[FeBrCl3] solutions (Figure 6.7b). The solutions are 
translucent at room temperature (24 oC), and no response to external magnetic field can be 
observed. Upon heating up to their LCSTs (33, 38, and 57 oC for 16, 15, and 10 wt%, 
respectively) for 10 min, the solutions became turbid. After 20 min, dark oily droplets 
started to develop in the solution. By applying an external magnetic field, the oily droplets 
were immediately attracted to the side of the vial (Figure 6.7b, inset). After cooling down 
with ice bath, the oily droplets could be dissolved again to form a homogeneous solution. 




Figure 6.7 (a) LCSTs of DBU-Bu[FeBrCl3], DBU-Hex[FeBrCl3], DBU-Hep[FeBrCl3], 
and DBU-Oct[FeBrCl3] solutions at different concentrations. (b) Photographs of the LCST 
behavior of DBU-Oct[FeBrCl3] at different concentrations. Inset of (b) shows the magnetic 
extraction. 
 
6.3.2 FO Performance 
Before FO tests, the osmolalities of MIL solutions with different concentrations were 
evaluated. Because at temperatures above LCST, phase separation occurs for each MIL. 
The resulting supernatants after phase separation is expected to show a reduced osmolality 
compared to the solution at room temperature. This change in osmolality before and after 
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heating above the LCST was observed for all four MILs (Figure 6.8a). For instances, the 
osmolality of 25 wt% DBU-Bu[FeBrCl3] was reduced from 3498 to 2271 mOsm kg
-1
 after 
heating. For 16 wt% DBU-Hex[FeBrCl3], DBU-Hep[FeBrCl3], and DBU-Oct[FeBrCl3], 
their osmolalities dropped from 1921 to 1268 mOsm kg-1, from 1585 to 1126 mOsm kg-1, 
and from 1402 to 1031 mOsm kg-1, respectively. From the changes of osmolalities, the 
percentages of the MILs separated from the aqueous solution through phase separation or 
separation efficiencies for each MIL can be evaluated. For all four MILs at saturated 
concentration, the separation efficiencies were 41.0, 37.2, 32.5, and 31.2% for DBU-
Bu[FeBrCl3], DBU-Hex[FeBrCl3], DBU-Hep[FeBrCl3], and DBU-Oct[FeBrCl3], 
respectively. Interestingly, the resultant supernatant solution of each MIL could undergo 
further phase separation with heating until reaching a certain concentration, at which no 
more phase separation occurs. From Figure 6.8a, the lowest concentrations for phase 
separation occurring were about 14 wt% for DBU-Bu[FeBrCl3], 9 wt% for DBU-
Hex[FeBrCl3] and DBU-Hep[FeBrCl3], and 7 wt% for DBU-Oct[FeBrCl3]. By repeating 
the phase separation step, the maximum separation efficiencies were 51.5, 45.4, 43.7, and 
60.2% for DBU-Bu[FeBrCl3], DBU-Hex[FeBrCl3], DBU-Hep[FeBrCl3], and DBU-
Oct[FeBrCl3], respectively. 
DBU-Bu[FeBrCl3] solutions (15-25 wt%) exhibited relatively high osmolalities in the 
range of 2000-3500 mOsm kg-1, which are higher than that of seawater (typically around 
1200 mOm kg-1 at a salinity of 3.5%). Therefore, we conducted FO using seawater as the 
feed solution and 15, 20 and 25 wt% DBU-Bu[FeBrCl3] solutions as the draw solutions. 
The resulting water fluxes were 2.4, 3, and 4.5 LMH for DBU-Bu[FeBrCl3] at 
concentrations of 15, 20, and 25 wt%, respectively. When DI water was used as the feed, 
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the water fluxes reached 5.5, 7.7, 9.8, and 11 LMH for 10, 15, 20, and 25 wt% DBU-
Bu[FeBrCl3] solutions, respectively. If DBU-Bu[FeBrCl3] was switched to other MILs 
with longer alkyl chain length, the water fluxes decreased considerably (Figure 6.8b). This 
result is expected since with the increase in chain length of the alkyl group, the 
hydrophilicity of the MILs decreases, so do the osmolality and osmotic pressure. 
 
Figure 6.8 (a) Osmolalities of MILs at different concentrations before and after phase 
separation. (b) FO water fluxes of MIL draw solutions with DI water or seawater feed. (c) 
Reverse solute fluxes of saturated MIL and NaCl solutions. 
 
The reverse solute fluxes of the MILs were measured using saturated solutions and 
compared with that of saturated NaCl solution (~ 26 wt%) under the same FO process. As 
illustrated in Figure 6.8c, all four MIL solutions exhibited lower reverse fluxes than that of 
NaCl solution. In addition, the reverse fluxes of MILs decreased with increased chain 
length, possibly due to the more pronounced blocking effect of MILs with large molecular 
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size. For DBU-Bu[FeBrCl3], DBU-Hex[FeBrCl3], DBU-Hep[FeBrCl3], and DBU-
Oct[FeBrCl3], the reverse solute fluxes were 59.8, 53.6, 47.5, and 43.9 gMH, respectively.  
 
Figure 6.9 Schematic illustration of the FO process using MILs as draw solute and the 
regeneration of the draw solute. 
 
6.4 Conclusions 
Thermoresponsive magnetic ionic liquids with tunable chain-length were successfully 
synthesized and employed as draw solutes in FO process. MIL solutions at different 
concentrations were attempted. Among all, DBU-Bu[FeBrCl3] at the concentration of 25 
wt% successfully extracted water from seawater and achieved  a water flux of 4.5 LMH. 
All four MILs show LCST behavior. By tuning the chain length and concentration, the 
LCSTs of MIL solutions varied from 30 to 65 oC. A stepwise phase separation could be 
achieved with assistance of mild heating, which may be provided by waste heat from a 
chemical plant or solar thermal energy in practical processes. Subsequently, the resultant 
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separated MILs could be extracted by an external magnetic field. The maximal separation 
efficiency was about 60% for DBU-Oct[FeBrCl3]. For the rest MILs left in aqueous phase, 
nanofiltration could be used for further purification (Figure 6.9). Compared with other 
draw solutes, though MILs have disadvantages of high reverse solute flux and relatively 
low separation efficiency, this new class of materials are still promising candidates as draw 
solutes in consideration of their low cost and facile preparation. It is possible to improve 
the FO performance of MILs in reverse solute flux and separation efficiency by 
synthesizing MIL dimers or oligomers. Such improvement is expected to motivate the 
development of FO processes in more applications. 
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CONCLUSIONS AND RECOMMENDATIONS 
7.1 Conclusions 
In conclusion, three types of “smart” FO draw solutes have been designed and their use in 
seawater/saline water desalination have been successfully demonstrated. Firstly, a 
hydrophilic MNP-based draw solute was synthesized via direct polymerization of 
polyelectrolyte on the surface of hydrophobic MNPs. The resultant MNPs could draw 
water from saline water, but their relatively small size raised the difficulty in magnetic 
separation. In order to facilitate magnetic capture, a thermoresponsive copolymer was used 
to modify the surface of MNPs and subsequently induce reversible clustering of MNPs 
upon mild heating. Next, in order to further increase the osmolality of draw solutions, 
magnetic ionic liquids, with smaller molecular weight compared with MNPs, were 
investigated. However, conventional hydrophilic MILs were difficult to separate from 
water. Therefore, a new class of MILs were designed and synthesized with 
thermoresponsive property, which could assist phase separation upon heating. Finally, 
thermoresponsive MILs with tunable hydrophilicity were utilized as FO draw solutes for 
seawater desalination. The major findings of this project are summarized as follows: 
 Phase transfer of hydrophobic oleic acid-capped iron oxide MNPs were achieved 
by direct polymerization of polyelectrolyte, PSSS, with C=C of oleic acid. The 
resultant MNP-PSSS were well dispersed in water and employed as a draw solute 
for saline water desalination. Compared with other MNP-based draw solutes, the 
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agglomeration of MNPs before and after regeneration were reduced. When using 
33 wt% MNP5-PSSS solution as draw solution, the water fluxes corresponding to 
the feed solutions of DI water and saline water were 12.0 and 5.6 LMH, respectively. 
Regeneration of draw solute was achieved with a magnetic separator. After 4 cycles, 
a water flux higher than 2 LMH was still attained when saline water was used as 
the feed solution.  
 
 In order to improve the cycling stability of draw solute, magnetic nanoparticles 
functionalized with a thermoresponsive copolymer PSSS-PNIPAM were 
synthesized and employed as draw solute for seawater desalination. This MNP-
based draw solute was designed with three essential functions: (1) the Fe3O4 core 
allows magnetic separation from water; (2) the thermoresponsive PNIPAM enables 
reversible clustering of the particles to improve magnetic capture when the 
temperature is above its LCST; and (3) the polyelectrolyte PSSS provides osmotic 
pressure high enough to counteract that of seawater. When used as draw solution 
in a FO process, the MNPs functionalized PSSS-PNIPAM successfully extracted 
water from seawater and achieved water fluxes larger than 2 LMH. Subsequent 
magnetic separation of the MNPs assisted by mild heating together with an 
ultrafiltration step led to regenerated draw solution and freshwater. The results 
obtained in this work demonstrate that multi-functional magnetic nanoparticles are 
promising draw solutes in FO process for seawater desalination. To minimize the 
energy consumption in practical processes, the mild heating may be provided by 
waste heat from chemical plant or solar thermal energy.  
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 Four new MILs -- N1,1,1,8[FeBrCl3], N1,1,1,12[FeCl4], N1,1,1,14[FeBrCl3] and DBU-
Bu[FeBrCl3], were successfully synthesized. This was made by choosing 
appropriate combination of cations and anions. Temperature switchable magnetic 
separation of MILs was demonstrated. From their thermoreponsiveness test, 
N1,1,1,12[FeCl4] and DBU-Bu[FeBrCl3] at the concentration of 25 wt% showed 
LCSTs of 60 and 50 oC, respectively. And the LCSTs were increased when 
decreasing the concentration. When the concentrations were decreased below 25 
wt% and 20 wt% for N1,1,1,12[FeCl4] and DBU-Bu[FeBrCl3], no LCST-behavior 
could be observed. These results suggest that appropriate combination of cations 
and anions can result in LCST-type MILs.  
 
 Thermoresponsive magnetic ionic liquids with tunable chain-length were 
successfully synthesized and employed as draw solutes in FO process. MIL 
solutions at different concentrations were attempted. Among all, DBU-Bu[FeBrCl3] 
at the concentration of 25 wt% successfully extracted water from seawater and 
achieved  a water flux of 4.5 LMH. All four MILs show LCST behavior. By tuning 
the chain length and concentration, the LCSTs of MIL solutions varied from 30 to 
65 oC. A stepwise phase separation could be achieved with assistance of mild 
heating, which may be provided by waste heat from a chemical plant or solar 
thermal energy in practical processes. Subsequently, the resultant separated MILs 
could be extracted by an external magnetic field. The maximal separation efficiency 
was about 60% for DBU-Oct[FeBrCl3]. For the rest MILs left in aqueous phase, 
nanofiltration could be used for further purification. Though MILs have 
disadvantages compared with other draw solutes, such as high reverse solute flux, 
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this new class of materials are still promising candidates as draw solutes in 
consideration of low cost and simple preparation, and are expected to motivate the 
development of FO processes in more applications. 
Though MNPs functionalized with polymer of PSSS showed the best performance in terms 
of water flux among these three kinds of draw solutes, the other two with thermoresponsive 
property performed better during regeneration. The results of this study may show 
significance in contribution to a better understanding of FO draw solutes in seawater 
desalination and motivation of exploring new materials as FO draw solutes. 
7.2 Recommendations 
Based on the findings of our work, some future works can be recommended as follows: 
 investigating the draw solutes developed during this project for other FO 
application, such as wastewater treatment (removal of dye molecules or heavy 
metal ions) and protein enrichment; 
 developing other novel thermoresponsive MIL-based draw solutes (MIL dimers or 
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